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Thesis abstract
Thesis abstract
In the last century, seagrass ecosystems have suffered a worldwide decline 
ascribed to multiple environmental stressors, among which the reduction of light 
available for the photosynthesis and the increase in temperature represent the 
strongest constraints for their growth and survival. Despite conservation, this 
decline is at present still continuing.
In order to understand the genetic adaptive response to light and temperature in 
the seagrass Posidonia oceanica, two different strategies have been pursued: a 
genome scan approach along a latitudinal and a bathymetric gradient and a 
differential gene expression analysis along the bathymetric gradient, where light 
and temperature were the two main selective factors.
For the genome scan approach 6 populations (Delimara - Malta, Lacco Ameno -  
Island of Ischia, Italy, Marettimo Island- Italy, Meloria - Italy, Piombino - Italy and 
Stareso -  Corsica, France) were sampled along the bathymetric gradient at two 
different depths (-5m and -25m). The same populations were used for the 
latitudinal gradient analysis by grouping them on the basis of their geographic 
location (Southern group: Delimara, Lacco Ameno and Marettimo; Northern 
group: Meloria, Piombino and Stareso).
No genes under selection were identified in the genome scan along the 
bathymetric gradient. Three putative genes under selection were identified in the 
genome scan along the latitudinal gradient and were involved in the 
photosynthesis and in the translation process.
Thesis abstract
For assessing differential gene expression, a transcriptome sequencing of plants 
sampled at two different depths and different times of the day in the Stareso 
meadow was performed by RNAseq technology. The analysis highlighted the 
capability of plants living in shallow waters to cope with environmental stresses 
imposed by high light and high temperature. Transcriptome data generated from 
this study increased the resources available in P. oceanica and will be very useful 
for further investigations of the adaptation of in this plant.
Thesis overview
Thesis overview: research background, objectives and outline of the 
thesis
The unrelenting threat of seagrass loss mainly resulting from reduced light 
availability and from increased temperature, as result of human activities, has 
motivated this study aimed to elucidate the molecular mechanisms responsible for 
the adaptation of the seagrass P. oceanica to environmental gradients, mainly 
consisting of different regimes of light and temperature, two limiting factors for 
the growth and the survival of this species. This topic is dealt with approaches 
both at genomic and transcriptome level. Adaptation by genetic change may, in 
fact, involve structural changes within the coding regions of the candidate gene 
and regulatory changes that alter the transcript abundance. In particular, the 
objectives of this study are:
1) the detection of candidate genes under selection related to light and 
temperature changes, by a genome scan approach based on microsatellites and 
performed along a latitudinal and bathymetric gradient;
2) the enrichment of genomic resource in P. oceanica and the identification of 
biological processes whose expression pattern is affected in different condition of 
light and temperature, by means of RNAseq technology. Following is reported the 
structure of the thesis. Chapter 1 gives an overview of the seagrasses ecosystems, 
ecological functions and threats, with a particular focus on P. oceanica. A 
background of genetic studies in P. oceanica is also presented. To reach the first 
objective of the thesis primers for EST-linked microsatellites (E-SSRs) were 
developed in P. oceanica. Chapter 2 presents a technical note of the development of
Thesis overview
primers for 51 novel EST-SSRs, as well as the their assembling in multiplex PCR. A 
new assembly in multiplex PCR is also showed for the 13 anonymous 
microsatellites (A-SSRs) already available in Posidonia. In addition, this chapter 
reports the analysis of the genetic diversity in two P. oceanica meadows performed 
with the total set of 64 microsatellites. Because A-SSR and E-SSRs come from 
different regions of the genome and they could have different properties in the 
assessment of genetic diversity a study of the performance of these two classes of 
markers has also been carried out that is presented in Chapter 3. In this chapter is 
reported the comparison of the two classes of markers in relation to the 
assessment of clonal diversity, summary statistics and in the detection of genetic 
structure in a survey involving 6 populations. Chapter 4 describes the genome scan 
approach to identify candidate genes related to light and temperature. The 
genome scan is presented in parallel for the latitudinal gradient, involving 
populations belonging to a northern group and a southern group in the 
Mediterranean Sea, and for the bathymetric gradient, involving populations 
sampled at two depths, -5 m and -25 m. To reach the second objective, Next- 
Generation Sequencing (NGS) technology is applied to sequence the transcriptome 
of samples collected at different depths and in different times of the day. In 
Chapter 5 are presented the results obtained from the massive parallel sequencing 
(RNAseq) and the enrichment analysis to identify the biological processes, the cell 
component and the molecular functions over-represented in particular conditions 
of light and temperature. Chapter 6 concludes the thesis by discussing the overall 
contribution of the research. In addition, chapter 6 discusses the possible direction 
of future research.
Thesis overview
Data from chapter 2 have been published in the paper: Arranz S.E., Avarre J.C., 
Balasundaram C., et al. 2013 Permanent Genetic Resources added to Molecular Ecology 
Resources Database 1 December 2012-31 January 2013 2013 (D'Esposito D., Orsini L., 
Procaccini G. Development of 51 novel EST-linked microsatellites in the Mediterranean 
seagrass Posidonia oceanica). Molecular Ecology Resources, 13 (3): 546-549.
Preliminary data from chapter 3 have been presented in the paper: D'Esposito D, 
Dattolo E, Badalamenti E, Orsini L, Procaccini G (2012) Comparative analysis of genetic 
diversity of Posidonia oceanica along a depth gradient using neutral and selective/non 
neutral microsatellite markers. Biologia Marina Mediterranea 19 (1): 45-48
Conclusive data from chapter 3 and data from the other two chapters will be 
included in three independent publications.
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-Adaptation: heritable changes in genotype or phenotype that result in increased 
fitness.
-Admixture: the proportion of new genetic combinations in hybrid populations 
through recombination.
-Allele: one of a pair, or series, of alternative forms of a gene that occurs at a 
given locus in a chromosome.
-Allele frequency: the proportion of one allele relative to all alleles at a locus in a 
population.
-Allelic richness: standardize measure of the number of alleles per locus 
independent of the sample size.
-Analysis of Molecular Variance (AMOVA): method for studying molecular 
variation within a population or species.
B
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-Balancing selection: a general type of selective regime that favours the
maintenance of diversity in a population. There are two main mechanisms by
xiii
which balancing selection preserves polymorphism: heterozygote advantage (or 
overdominance) and frequency-dependent selection.
-Bayesian: a framework of statistical inference in which previous beliefs (or data) 
and likelihoods are combined to estimate a parameter of interest given the 
observed data.
C
-Climate change: a statistically significant variation in either the mean state of the 
climate or in its variability, persisting for an extended period (typically decades or 
longer). Climate change may be due to natural internal processes or external 
forcings, or to persistent anthropogenic changes in the composition of the 
atmosphere or in land use.
-Clonality: life-history strategy allowing organisms to produce offspring without 
sexual reproduction, hence typically genetically identical, at the exception of 
possible somatic mutations, to themselves.
-Clonal reproduction: asexual reproduction through propagation of plants parts 
not involving seeds, also called clonal growth or vegetative reproduction.
-Cluster: a genetic grouping of individuals, often from several nearby sampling 
locations, that shares a similar multilocus allele-frequency distribution.
-Coding region: portion of a gene that encodes a protein.
-Contig: an abbreviation for contiguous sequence; used to indicate a contiguous
piece of DNA that is assembled from short overlapping sequences.
xiv
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-De novo transcriptome assembly: assembly strategy that does not use a reference 
genome. It leverages the redundancy of short-read sequencing to find overlaps 
between the reads and assemble them into transcripts.
E
-Ecosystem: a biotic community and its abiotic environment.
-Environmental factor: any factor, abiotic or biotic, that influences living 
organisms; also known as an ecological factor or ecofactor.
-Expressed Sequence Tags (ESTs): short DNA sequences (several hundred base 
pairs) produced by reverse transcription of mRNA into DNA.
F
-Fitness: a measure of the capacity of an organism to survive and reproduce.
-Fixation: the increase in the frequency of a genetic variant in a population to 
100%.
-F st: index of genetic divergence between populations. A standardized measure of 
the distribution of genetic variation between populations on a scale between 0 
(identical allele frequencies in populations) and 1 (populations fixed for different 
alleles).
xv
G
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-Gene flow: the exchange of genes between populations that is caused by the
dispersal of propagules or individuals.
-Gene Ontology (GO): a widely used classification system of gene functions and 
other gene attributes that uses a controlled vocabulary. The ontology covers three 
domains; cellular components, molecular functions and.
-Gene Ontology Enrichment analysis: statistical framework to find molecular 
functions, biological processes and cellular locations significantly associated with 
gene groups. To test for association each gene is categorized in two ways: first 
whether it is annotated with the term under consideration or not, and second, 
whether it belongs to the test group or not. Using Fisher's exact tests p-values are 
computed that allow to detect and quantify association between the two 
categorizations.
-Genet: a genetic individual composed of multiply connected or physiologically 
autonomous ramets (vegetative or reproductive shoots).
-Genetic drift: random fluctuations in allele frequencies between generations 
owing to sampling effects.
-Genetic diversity: measure of genetic variability based on gene frequencies in the 
population.
-Genetic hitch-hiking: the process by which a neutral, or in some cases 
deleterious, mutation may increase in population frequency owing to linkage with 
a positively selected mutation, (see also Positive selection).
xvi
-Genome: the entire complement of genetic material in an organism.
-Genome scan: a survey of genetic variability across a large number of loci in a 
large number of individuals.
-Genotype: the combination of alleles present at a locus in an individual.
H
-Hardy-Weinberg equilibrium: the stable frequency distribution of genotypes, 
AA, Aa, and aa, in the proportions p2,2pq, and q2, respectively (where p and q are 
the frequencies of the alleles, A and a), that is a consequence of random mating in 
the absence of mutation, migration, natural selection or random drift.
-Heterozygosity: the proportion of individuals in a population that carry two 
different alleles at a locus.
-Heterozygote: a diploid individual that has different alleles at one or more 
genetic loci (cf. Homozygote)
-Homozygote: a diploid individual that has identical alleles at one or more genetic 
loci (cf. Heterozygote).
L
r  ^
Linkage disequilibrium: the correlation between alleles across loci.
xvii
-Locus (pi. loci): the specific place on a chromosome where a gene or particular 
piece of DNA is located.
M
-Marker: an identifiable physical location on a chromosome whose inheritance can 
be monitored (e.g. gene, restriction enzyme site or RFLP marker).
-Microsatellite: a 2-7 base pair repeating motif (allele vary in length); synonyms 
include simple sequence repeat (SSR) and short tandem repeat (STR).
-Migration: movement of individuals between otherwise reproductively isolated 
populations.
-Monomorphic locus: locus in a population that has only one allele. All 
individuals are homozygous for the same allele. Lacking of genetic diversity, (cf. 
Polymorphic locus).
-Multiplex PCR: co-amplification of multiple microsatellites in a single PCR 
reaction.
-Mutation: change in a DNA sequence.
N
 I I . : ! . : . - . . '    J
-Natural selection: the process in nature by which, according to Darwin's theory 
of evolution, only the organisms best adapted to their environment tend to survive
xviii
and transmit their genetic characteristics in increasing numbers to succeeding 
generations while those less adapted tend to be eliminated.
-Neutral distribution or null distribution: the distribution (or range) of values 
across which we expect to observe the value of the test statistic if the null 
hypothesis is true (for example, neutrality). When conducting a standard t-test, t is 
the test statistic and the null distribution is the normal (Gaussian) distribution 
with t degrees of freedom.
-Neutral loci: loci that are not evolving directly in response to selection, the 
dynamics of which are controlled mainly by genetic drift and migration. These loci 
can, however, be influenced by selection on nearby (linked) loci.
-Null alleles: non-amplifying alleles that result in an apparent homozygote when 
present in heterozygote state and in the lack of amplification when present in 
homozygote state. In the latter case, they can be confounded with reaction failure. 
Null alleles are produced by mutations in the flanking region, at primer binding 
sites.
O
r i _ — _ _  - —  j
-Outlier loci: genome locations (or markers or base pairs) that show behaviour or
patterns of variation that are extremely divergent from the rest of the genome
(locus-specific effects), as revealed by simulations or statistical tests (see also
Outlier tests).
xix
-Outlier tests: popular approaches for detecting selection that identify loci that 
present extreme values for a given statistic from empirical genome-wide genetic 
data. It is assumed that these 'outlier loci' are enriched for loci targeted by 
selection (see also Outlier loci).
P
-Paired-end sequencing technology: library construction and sequencing strategy 
in which both ends of a DNA fragment are sequenced to produce pairs of reads 
(mate pairs).
-Polymerase Chain Reaction (PCR): a procedure that produces millions of copies 
of a short segment of DNA through repeated cycles of: 1) denaturation, 2) 
annealing, and 3) elongation.
-Phenotype: the observable physical and/or biochemical characteristics of the 
expression of a gene.
-Phenotypic plasticity: the range of phenotypes a single genotype can express as a 
function of its environment.
-Polymorphic Information Content (PIC): refers to a value of a marker for 
detecting polymorphism within a population. It depends on the number of 
detectable alleles and the distribution of their frequencies.
-Polymorphic locus: locus in a population that has two or more alleles. 
Polymorphic loci are usually defined as having the most frequent allele at a
xx
frequency of less than 0.99, or less than 0.95 (to minimize problems with different 
sample sizes), (cf. Monomorphic locus).
-Population: a group of individuals who share a common genepool and have the 
potential to interbreed.
-Population genetics: the quantitative study and measurement of populations in 
statistical terms, e.g. the study of genetic phenomena in terms of standard 
statistical parameters such as frequency tables and distributions, means, variance 
and standard deviations.
-Positive selection: also known as directional or Darwinian selection, this refers to 
selection acting upon newly arisen (or previously rare) advantageous mutations. 
When an advantageous mutation increases in frequency in the population as a 
result of positive selection, linked neutral variation will be dragged along with it 
— a process known as genetic hitch-hiking. As a consequence, variation that is not 
associated with the selected allele is eliminated, resulting in a selective sweep that 
leads to an overall reduction of genetic diversity around the selected site.
-Principal Coordinate Analysis (PCoA): multivariate technique that allows to find 
and plot the major patterns within a multivariate dataset e.g. multiple loci and 
multiple samples.
R
-Ramet: the unit of clonal growth in plants; corresponding to a shoot that can be 
vegetative or reproductive.
xxi
-RNA-seq or RNA sequencing: experimental protocol that uses next generation 
sequencing technologies to sequence the RNA molecules within a biological 
sample in an effort to determine the primary sequence and relative abundance of 
each RNA.
S
-Selective sweep: a reduction in genetic variation in DNA that surrounds a locus 
that is under selection.
-Signaling cascades: cascades of events that mediate cellular responses to external 
signals.
-Signature of selection: the molecular footprint of a selection event from the 
recent past (for example, an excess of rare alleles at a locus relative to the 
abundance of rare alleles at loci across the rest of the genome).
-Split peaks: PCR artefacts caused by the non-template addition of a nucleotide 
(generally an adenine) to PCR fragments by the Taq polymerase. When this 
adenylation is incomplete, it results in double peaks (the original fragment and an 
additional peak 1 bp longer corresponding to the adenylated fragment), thereby 
compromising automatic peak recognition, particularly for heterozygote 
genotypes with nearby alleles.
-SSR: see Microsatellite.
-STR: see Microsatellite.
-Summary statistic: a parameter estimate (such as Fst or Fis) that quantifies 
attributes of the data sampled from a population of interest.
T
-Type I error: statistical error in which a true null hypothesis is rejected.
-Transcriptome: the transcriptome is the complete set of transcripts in a cell, both 
in terms of type and quantity.
-Transcriptome assembly: reconstruction of full-length transcripts starting from 
the short sequences (reads) generated by the sequencing.
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1-Introduction
1.1-Seagrasses
Seagrasses are monocotyledonous angiosperms that live completely submerged in 
marine and estuarine environments. Seagrasses belong to the order of Alismatales 
which includes 11 families of aquatic-freshwater species and 4 families that are 
fully marine (Wissler et al., 2011). The marine families include the Posidoniaceae, 
Zosteraceae, Hydrocharitaceae, and Cymodoceaceae, and have originated in the 
Cretaceous (den Hartog, 1970). Phylogenetic analysis of members of the entire 
order, based on the plastid gene encoding for RuBisCO large subunit (Les et al., 
1997), indicates that the return into the sea occurred at least three times 
independently through parallel evolution from a common aquatic-freshwater 
ancestor of terrestrial origin.
Seagrasses are distributed across the globe (Green and Short, 2003, Figure 1.1) but, 
dissimilarly to other taxonomic groups with worldwide distribution, they exhibit a 
low taxonomic diversity with approximately 60 species worldwide, compared 
with approximately 250,000 terrestrial angiosperms (Orth et al., 2006).
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Figure 1.1. Current global distribution of seagrass in relation to mean ocean temperature. Regional 
divisions are based on polar, temperate and tropical climate (Green and Short 2003).
Seagrasses have similar organs and tissues as the other flowering plants but to 
enable survival in marine environment they require ecological, physiological and 
morphological adaptations (den Hartog 1970, Les et al. 1997, Kuo and den Hartog, 
2006) that are distinctive from terrestrial angiosperms.
Seagrasses are able to regulate the osmotic pressure of their cell fluids to cope with
the high, and often varying, salinity of seawater (Kuo and den Hartog, 2006).
The photosynthetic apparatus needs to be modulated to accommodate the changes
in tight attenuation through the water depth (Dalla Via et al., 1998). Consequently,
the overall tight intensity is decreased and the wavelength composition of sunlight
reaching underwater plants is different. Accordingly, seagrasses have one of the
highest tight requirements among angiosperms (Dennison, 1993; Orth et al., 2006).
One factor contributing to these high tight requirements is the reducing sediments
to which seagrasses are rooted. These sediments challenge seagrass root tissues
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with anaerobic conditions since marine sediments are often oxygen deficient. 
When the internal transport of oxygen from shoot to root tissues is not sufficient, 
seagrasses can be forced to resort to fermentative metabolism (Terrados, 1999; 
Touchette and Burkholder, 2000).
Submergence also exposes organisms to the forces of wave action and tidal 
currents that affect reproductive functions and reduce the availability of carbon 
dioxide (CO2, Wissler et al., 2011). Consequently, seagrasses have strap shaped 
leaves and a resistant anchoring system to withstand water movements and they 
have evolved to propagate via hydrophilous (water-mediated) pollination (Cox, 
1993). Hydrophilous pollination may take place thanks to regulation of the 
floating capacity of pollen, precisely gauged to meet the female inflorescence 
(flower peduncle, style and stigma) and the viscous, insoluble substances released 
by the stigma to which pollen sticks. These processes favor germination of the 
pollen tube and its growth towards the female gamete. Seed maturation and later 
dispersal are also extraordinary examples of evolutionary adaptations for 
successful colonization of submerged habitats, with many different types of 
substrates and seasonal rhythms (Cox, 1993).
In order to carry out photosynthesis and to cope with the reduced availability of 
carbon dioxide (CO2) in marine environment, seagrasses, use bicarbonate ions 
which they obtain from the hydrolysis of carbonic acid (Invers et al., 1999). An 
active protein, an enzyme called carbonic anhydrase, favors the diffusion of 
bicarbonate ions through photosynthetic epidermal cells. This enzyme dehydrates 
carbonic acid, releasing carbon dioxide, which is then reduced to carbon. This
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element is contained in several energy-storing molecules to produce glucose, a 
source of energy for all plant functions.
Leaf morphological adaptation to the aquatic environment also includes an 
enlarged aerenchyma system, thin cuticle, small epidermal cells with thick walls, 
concentrations of chloroplast in the epidermal cells and lack of stomata (Kuo and 
den Hartog, 2006).
1.1.1-Seagrass architecture and growth
Seagrasses share a common architecture, all species being clonal, rhizomatous 
plants (Hemminga and Duarte, 2000). One of the characteristics of these plants is 
their modular structure (Figure 1.2) involving the iteration of a base unit (the 
ramet or module) along a horizontal rhizome. All ramets on a rhizome are 
genetically identical and comprise the genetic individual (the genet, Harper 1977).
Figure 1.2. Seagrass modular structure. In red is indicated the morphological individual (ramet or 
module), in green is indicated the genetic individual (genet or clone). Image modified from 
Procaccini et aL (2007).
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Despite the similar architecture of seagrasses, plant size and growth rate vary 
some orders of magnitude across species. To a large extent, variability in rates 
between seagrass species reflects differences in plant size, with smaller species 
growing faster than larger ones (Duarte, 1991). In addition, seagrass growth 
exhibits substantial plasticity which is considered an important component of 
their capacity to adapt to environmental change (e.g. MarM and Duarte, 1994; 
MarM et al., 1996; Terrados, 1997; P6rez et al., 1994). Knowledge on seagrass 
growth rates allows assessment of meadow productivity and seagrass health, as 
well as forecasting their capacity to survive disturbances.
Vegetative proliferation is the main mechanism of seagrasses to occupy habitat 
space (Tomlinson, 1974; Duarte and Sand-Jensen, 1990), and thus it is a critical 
process for seagrass meadows to spread and persist. Most ramets in seagrass 
populations are produced as rhizomes elongate. Rhizome growth is the process 
that regulates the rate of formation and the spatial distribution of ramets (and, 
thus, modules) within seagrass meadows, and, thus, it constrains the development 
of their populations (Borum et al., 2004). The spread, and maintenance, of seagrass 
meadows also depend on sexual reproduction since it is the main mechanism 
regulating patch formation. Hence, information about the effort and success of 
seagrass reproduction and rhizome growth patterns are essential to predict the 
time scales of seagrass colonisation and, thus, recovery.
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1.1.2-Seagrass ecological functions
Seagrass meadows have an important ecological role in coastal ecosystems and 
provide high-value ecosystem services compared with other marine and terrestrial 
habitats (Costanza et al., 1997, Figure 1.3).
Tropical seagrass ecosystems
Temperate seagrass ecosystems
Key ecosystem services loss mechanisms
Ecosystem services
High biomass seagrass meadows 
trap sedim ents and nutrients.
Seagrass meadows provide a nursery 
for finfish and shellfish.
j. Seagrasses and associated algae 4- ff have high primary production.
Seagrasses promote trophic transfers 
"~~r  p.nd cross-habitat utilization.
tropical seagrasses provide food for 
. dugongs. m anatees, and turtles.
Tropical seagrass loss
Coastal salinity changes because of 
altered water fo*v for Irrigation.
. Pulst-d iiiili ilily exacerlialed liy errwwor 
due to poor land m anagem ent
Large urchin grazing events.
% ;* fcutrophication resulting in
if phytoplankton blooms, reducing light,
Drsdgmg and boating effects.
Temperate seagrass loss
V  Eutrophication causes gro wth of m acro 
., and microalgae, reducing iicht.
High water temperature, combined 
with low light.
Wasting d isease .
Herb ivory by waterfowl, urchins, turtles. 
.. Introduced species displacing seagrass.
Figure 1.3. Conceptual diagrams for (a) tropical and (b) temperate seagrass ecosystems,detailing 
key ecosystem services and major mechanisms of seagrass loss (From Orth et al., 2006).
For example, primary production from seagrasses and their associated macro- and 
microepiphytes rivals or exceeds that of many cultivated terrestrial ecosystems 
(Duarte and Chiscano, 1999). Seagrasses also provide an enormous source of 
carbon to the detrital pool, some of which is exported to the deep sea, where it 
provides a critical supply of organic matter in an extremely food-limited
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environment (Suchanek et al., 1985). Much of the excess organic carbon produced 
is buried within seagrass sediments, which are hotspots for carbon sequestration 
in the biosphere (Duarte et al., 2005). The structural components of seagrass 
leaves, rhizomes, and roots modify currents and waves, trapping and storing both 
sediments and nutrients, and effectively filter nutrient inputs to the coastal ocean 
(Hemminga and Duarte, 2000). Biodiversity in seagrass meadows is greater than 
in adjacent unvegetated areas, and faunal densities are orders of magnitude higher 
inside the meadows (Hemminga and Duarte, 2000). They also serve as a nursery 
ground, often to juvenile stages of economically important species of finfish and 
shellfish, although the species vary by region and climate (Beck et al. 2001, Heck et 
al. 2003). Moreover, seagrasses can be considered as biological sentinels, or 
"coastal canaries". Changes in seagrass distribution, such as a reduction in the 
maximum depth limit (Abal and Dennison, 1996) or widespread seagrass loss 
(Cambridge and McComb, 1984), signal important losses of ecosystem services 
that seagrasses provide. Seagrasses are sessile, essentially integrating the relevant 
water quality attributes, such as chlorophyll and turbidity, that affect the light 
reaching their leaves. Several features of seagrasses and seagrass meadows result 
in their particular importance in this regard. The widespread distribution of 
seagrasses throughout tropical and temperate regions (Figure 1.1) allows better 
assessment of larger-scale trends than do other comparable coastal habitats, such 
as mangrove, corals, or salt marsh plants, which are limited to only one of these 
broad geographic regions. Seagrasses also live in shallow, protected coastal 
waters, directly in the path of watershed nutrient and sediment inputs, and are 
therefore highly susceptible to these inputs, unlike mangrove forests (which are
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largely unaffected by water quality) or coral reefs (which occur farther away from 
the imputs).
1.1.3-Threats
Synoptic studies to date have examined the distribution, status and trends of 
seagrass habitat, and have clearly indicated that seagrasses are declining globally 
(Green and Short, 2003; Orth et al., 2006; Waycott et al., 2009). A synthesis of 215 
published studies showed that seagrass habitat disappeared worldwide at a rate 
of 110 km2 per year between 1980 and 2006 (Waycott et al., 2009). However, the 
actual status of individual seagrass species themselves has received little attention. 
For the first time, the likelihood of extinction of the world's 72 species of 
seagrasses has been determined under the Categories and Criteria of the 
International Union for the Conservation of Nature (IUCN) Red List of Threatened 
Species (Short et al., 2011).
Seagrass losses have been attributed to a broad spectrum of anthropogenic and
natural causes (Figure 1.3): Globally, the primary impact to seagrasses is loss of
water clarity and quality due to both eutrophication, i.e., phytoplankton and
nuisance seaweed blooms (Burkholder et al., 2007), and sediment loading, i.e.,
suspended sediments and siltation (Dennison et al., 1993; de Boer, 2007). Seagrass
beds are destroyed by coastal construction, land reclamation, shoreline hardening,
and dredging (Erftemeijer and Lewis, 2006); damaging fisheries practices such as
trawling and aquaculture (Pergent-Martini et al., 2006) also harm seagrass
habitats. Mechanical damage from boats, boat moorings, and docks is a problem in
some regions (Burdick and Short, 1999; Kenworthy et al., 2002), as are introduced
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species (Williams, 2007) that compete for space and resources (Heck et al., 2000). 
Diseases, such as wasting disease, threaten some seagrasses and have caused 
large-scale declines (Rasmussen, 1977; Short et al., 1986). Many of the threats are 
cumulative and some are not mutually exclusive (e.g., most coastal development 
affects water quality). The effects of global climate change on seagrasses are just 
beginning to be understood (Short and Neckles, 1999; Waycott et al., 2007; Palacios 
and Zimmerman, 2007; Bjork et al., 2008); and are difficult to document, but 
whether they manifest as sea level change, heat stress, radiation exposure, or 
increased storm activity, all largely diminish seagrass habitat, distribution and 
diversity (Short and Neckles, 1999). However, localized impacts to seagrass 
species will decrease their survival capacity in the face of global threats.
1.2-Posidonia oceanica
1.2.1-Geographic distribution
Posidonia oceanica (L.) Delile (subphylum Angiospermae, class Monocothyledonae, 
order Potamogetonales, family Posidoniaceae) is one of five seagrasses present in 
the Mediterranean Sea, and is the only one to be "endemic" (Short et al., 2007). In 
the Mediterranean basin P. oceanica is distributed along almost all the coasts 
(Figure 1.4, Pergent-Martini, 2004) covering a surface area of 25.000-50.000 Km2, 
representing 1-2% of the total surface (Pasqualini et al., 1998). Recent studies show 
the presence of Posidonia oceanica also in the Marmara Sea (Meinesz et al., 2009) 
while it is not present along the coasts of Egypt (to the east of the Nile delta, Por, 
1978) and in the Black Sea (Gobert et al., 2006). It is rare or absent in the north
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Adriatic, in particular along the Italian coasts (Procaccini et al., 2003), and along 
the coasts of the Camargue and Port-la-Nouvelle (Bouderesque and Meinez, 1982; 
Boudouresque et al.,2006).
Figure 1.4. Posidonia oceanica geographic distribution (highlighted in yellow, modified from 
Pergent-Martini, 2004).
Throughout its coastal distribution P. oceanica forms extensive monospecific 
meadows (Procaccini et al., 2003, Figure 1.5) that are recorded from 0.5 to 40 m 
depth (Bouderesque and Meinesz, 1982; Pergent et al., 1995). In turbid waters, the 
lower limit of the beds is in the order of 9 m (Pergent, 1995).
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In the Mediterranean Sea, P. oceanica meadows are exposed to a broad range of 
light and temperature (13-26°C) and show decreasing plants growth and marked 
decrease in density with depth, ranging from 1.200 shoots n r2 in shallow stands to 
fewer than 100 shoots n r2 at depths around 30 m. Water temperature and light 
vary seasonally inducing seasonal dynamics in shoot biometry and consequently 
on the overall biomass of the bed (Gobert et al., 2006).
Figure 1.5. Posidona oceanica meadow.
1.2.2-P. oceanica architecture
P. oceanica, as well as all higher plants, is provided with differentiated vegetative 
structures: roots, stems or rhizome and leaves (Figure 1.6). The plant can 
reproduce both by vegetative growth and sexual reproduction. By "stolonization" 
(vegetative growth), rhizomes can grow both horizontally (plagiotropic rhizome) 
and vertically (orthotropic rhizome) (Mazzella et al., 1986).
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Leaves
Rhizome
Roots
Figure 1.6. P. oceanica plant, with leaves, roots and rhizome.
Plagiotropic rhizomes, that allow the expansion-growth of the plant in the 
horizontal direction, on the lower side have roots thus fulfill both the function of 
anchoring the plant to the substrate, both the transport of nutrients. The horizontal 
growth is prevalent because it allows the progressive occupation of the substrate. 
In certain environmental conditions, for example when the leaf density becomes 
high and the substrate availability decreases, the rhizomes can activate a growth 
in the vertical direction allowing the plant to exploit the light and counteract the 
progressive silting due to the continuous sedimentation of detritus (Boudouresque 
et al., 1984). An orthotropic rhizome can become plagiotropic and vice versa 
depending on the space available (Caye, 1980). The horizontal and vertical growth 
of rhizomes, and the slow decay of this material, causes Posidonia oceanica to form 
a biogenic structure called "matte" (Figure 1.7), that arises from the bottom up to a 
few meters and can be thousands of years old (Peres and Picard, 1964).
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Plagiotropic rhizome 
——— Orthotropic rhizome
Figure 1.7. P. oceanica "matte". Rhizomes can grow both horizontally (plagiotropic rhizome) and 
vertically (orthotropic rhizome).
The leaves of Posidonia oceanica are ribbon-like, with rounded apices (Figure 1.6), 
have an average width of 1 cm and can reach over 1 m in length. They function 
both in the photosynthetic process both in the absorption of nutrients from the 
water (Fresi and Saggiomo, 1981). The leaves are divided into mature, 
intermediate and young according to their length and the presence of a lignified 
base (Giraud, 1977). Leaves are gathered in bundles, each of which contains an 
average of 6-7 leaves: starting from the center of the clump and progressing 
towards the outside, the leaves increased from young to intermediate up to adults 
(Panayotidis and Giraud, 1981). The boundle renews itself from the inside out, 
with a peak in the spring. The growth rate decreases during the summer, when the 
leaves are longer, covered with epiphytes and begin to manifest a more advanced 
rate of senescence, characterized by presence of tissue of brown color, 
photosynthetically inactive (Buia et al., 1992). The leaves, at the height of
- 14-
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senescence, fall mainly in autumn (Romero et al., 1992; Chessa et al., 2000). The 
detached leaves may decompose within the meadow but also to be transported, 
through the currents, to other ecosystems or piled on the shoreline. In some areas, 
particularly on the sandy beaches with gently sloping, accumulations of leaves 
called banquettes (Figure 1.8, Boudouresque and Meinesz, 1982) may be 
overstated and arrive at a thickness of 2 m (Boudouresque et al., 2006; Guala et al., 
2006; Mateo et al., 2003).
Figure 1.8. Posidonia oceanica banquette.
1.2.3-Reproductive strategies
Posidonia oceanica, as well as all marine angiosperms, reproduce both by vegetative 
growth and sexual reproduction.
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The vegetative growth, referred to "stolonization", is the main propagation 
strategy. This process is carried out with both the detachment of terminal 
rhizomes from the parental rhizome, due to necrosis or hydrodynamism (Molinier 
and Picard, 1952), and by division and elongation of rhizomes. The vegetative 
reproduction ensures the propagation of the plant so that it can colonize new 
environments.
Posidonia oceanica is also able to reproduce asexually through the formation of 
seedlings directly from the inflorescences (Figure 1.9). The pseudovivipary was 
observed for the first time near the coast of the island of Formentera (Balearic 
Islands, western Mediterranean) in May 2004 (Ballesteros et al, 2005).
Figure 1.9. Pseudovivipary in the seagrass Posidonia oceanica. In situ aspect of pseudoviviparous 
plantlets still attached to the parental shoot (from Ballesteros et al, 2005).
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Although, currently, how frequently pseudovivipary occurs in Posidonia oceanica, 
and which are the mechanisms triggering it are unknown, the fact that it happens 
occasionally suggests that it may contribute significantly to short-distance 
dispersal and persistence in a species of great ecological importance, whose 
meadows can persist for thousands of years and whose colonization of new space 
occurs very slowly (Ballesteros et al., 2005).
Posidonia oceanica also shows a sexual cycle, with formation of hermaphrodite 
flowers (clustered from 4 to 10 in an inflorescence of green color) and production 
of floating fruits also called sea olives (Figure 1.10).
Figure 1.10. Flower and fruits of Posidonia oceanica/www.corfubenitses.gr
The ripening of fruits can occur in different times according to their insertion on 
the axis of the inflorescence (Caye e Meisnez, 1984). A temporal mismatch about 
the time of anthesis was observed also in relation to the plant distribution along 
the bathymetric gradient (Mazzella and Buia, 1991): there is a shift of about two 
months between the beginning of the reproductive cycle in the shallow plants 
(within 15 m depth) compared to the deep ones (over 15 m). In shallow meadows,
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flowers appear in September and October and in late autumn is already possible 
to observe the early stages of fruit development that reach their maturation in the 
months of March-April. In deep meadows this same cycle is delayed by about two 
months (Mazzella and Buia, 1991). The fruits, once matured, detach from the 
mother plant, and, are transported by currents even in places far away from the 
meadow of origin, to the benefit of dispersal ability of the species. The fruits, if do 
not end up on the beach, release the seeds, which fall to the bottom and in the 
presence of favorable conditions germinate directly.
However, although experiments in the laboratory and in the field have 
demonstrated a high viability of seeds (Balestri et al., 1998a; Balestri et al., 1998b; 
Balestri and Bertini, 2005; Piazzi et al, 2000), few seeds are able to germinate under 
natural conditions (Balestri et al., 1998a; Piazzi et al., 1999); many degenerate 
assuming a brown-blackish color, and persist in this state for several months.
The flowering and fruiting of Posidonia have always been considered to be 
relatively rare, especially in the more northern portions of the Mediterranean 
(Molinier and Picard, 1952; Buia and Mazzella, 1991; Piazzi et al., 1999). The 
reproductive success of the species through sexual reproduction seems to be 
seriously compromised not only for the big number of seeds that undergo 
degeneration but also by the action of herbivores that damage a large part of the 
inflorescence (Balestri and Cinelli, 2003). The sporadic sexual reproduction and the 
low genetic diversity found in some area of the Mediterranean basin (Procaccini et 
al., 1996; Procaccini and Mazzella, 1998; Amaud-Haond et al., 2007; Serra et al., 
2010) suggest that clonal propagation can be the main reproductive mode for 
maintaining and expanding established meadows.
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With the presence of a mixed reproductive strategy (clonal and sexual) P. oceanica 
takes advantage simultaneously of fruit and seed production (sexual 
reproduction) and enhanced production of new shoots (clonal reproduction). The 
two reproductive modes differ in the dispersal distance and the success of 
establishment. Compared with seed offspring, clonal ramets can only disperse 
within a much shorter distance and maintain the parent genotype. Contrary to 
clonal growth, sexual offspring have long-range dispersal, high rate of mortality 
and low success of establishment. But more importantly sexual reproduction can 
maintain higher level of genetic diversity. While with the clonal reproduction it is 
possible to propagate plants with the same genotypes that can be better adapted to 
a particular environmental condition, only the presence of genetic diversity ensure 
the survival of plants in a changing environment.
1.2.4-Ecological functions of P. oceanica meadows
Posidonia oceanica meadows are key ecosystems for the functioning and provision 
of services to the coastal zone and in the Mediterranean basin (Figure 1.11). P. 
oceanica meadows are the ecosystems with greater biomass and productivity of the 
Mediterranean (Buia et al., 1992; Boudouresque et al., 1984; Ott, 1980, Wittman, 
1984). Both below-ground and above-ground biomass values of P. oceanica exceed 
those of other seagrasses, including the Australian Posidonia species (Mateo and 
Romero, 1997). A striking feature is the distinct partitioning of the biomass, mainly 
directed into the lignified rhizomes, which can account for up to 90 percent of the 
total (Pirc, 1983; Mateo and Romero, 1997) and production where leaves account
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for more than 90 percent (Wittmann, 1984). In an extensive study, net primary 
production was estimated to range from 130-1284 g dry weight/m 2/year. 
However, this production is only minimally used for direct consumption by 
herbivores (Cebrian et al., 1996). The P. oceanica matte not only represents a net 
sink of carbon and other elements but also, when growing near the surface, can 
attenuate the wave action. Under such conditions, it has been estimated that the 
removal of 1 m3 of matte can cause 20 m of coastal regression (Jeudy de Grissac, 
1984). The banquette has an important role in attenuation of waves and in the 
protection of beaches from erosion (Boudouresque and Meinesz, 1982). In 
addition, P. oceanica meadows are important for oxygenating water, thanks to their 
photosynthetic activity. It is estimated that 1 m2 of meadow gives off up to 14 liters 
of oxygen a day (Bay, 1978) and that, thanks to the exchanges that occur at the 
interface between water and air, P. oceanica can be regarded as a producer of 
oxygen also for terrestrial environments, in at least some periods year 
(Frankignoulle et al., 1984). The very high biodiversity found in P. oceanica beds is 
mostly due to the primary role of this seagrass as a multidimensional habitat for 
organisms directly participating in the system's trophic dynamics (Mazzella et al., 
1992). Also, P. oceanica meadows are nursery grounds for the juveniles of many 
commercially important species of fishes and invertebrates. Among the rare or 
endangered associated species are the endemic sea star Asterina pancerii, the sea 
horse Hippocampus hippocampus and the bivalve Pinna nobilis: these species are 
protected, in both Italy and France, or are included among species requiring a 
specific legislation for protection (Boudouresque, 1991).
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Figure 1.11. P. oceanica ecological roles.
1.2.5-Threats
Since the 1980s, 102 of a total of 176 P. oceanica meadows reported in the 
Mediterranean basin have suffered a decline in their covering and /o r in the 
abundance of shoots. The rate of decline of P. oceanica meadows is currently 5% 
per year (MarM, 2009) due to multiple pressures principally represented by 
disturbance of anthropogenic origin (eutrophication, disturbance of sedimentary 
dynamics, the mechanical destruction of the coastal areas, aquaculture, illegal 
fishing, tourist exploitation, yachting, excessive urbanization etc.) and by 
fragmentation of natural habitats.
Eutrophication of the coastal area is the main cause of seagrass meadow decline. 
Dumping nutrients and organic matter into the sea degrades water quality,
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principally reducing the amount of light reaching the seagrass meadows and 
consequently affecting seagrass survival. In particular, seagrasses are extremely 
vulnerable to any deterioration of water transparency because they exbith the 
greatest light requirement of all marine photosynthetic organisms (Duarte, 1995). 
Eutrophication also causes excessive sediment enrichment by nutrient and organic 
matter. P. oceanica meadows are very sensitive to deteriorating sediment quality, 
and their decline accelerated when the amount of organic matter and phosphorous 
reaching the sediment exceed 1-2 g dry weight nr2 d_1 and 0.04 g P nr2 d-1' 
respectively (Diaz-Almela et al., 2008). P. oceanica meadows are acutely sensitive to 
hydrogen sulfide (Calleja et al., 2007). When the concentration of hydrogen sulfide 
in the sediment is high and that of oxygen in the plant is low, the hydrogen sulfide 
in the interstitial water penetrates the seagrass tissues and damages their 
meristems, thereby reducing their growth and survival (Borum et al., 2005). 
Predictions of human population growth suggest that by 2025, 50% of the coast 
will be built-up area, Mediterranean coastal cities of over 100.000 inhabitants will 
be home to 90 million residents, and the coastal areas will receive more than 300 
million tourists (Benoit and Comeau, 2005). Not only that, aquaculture production 
in the Mediterranean is expected to double in the next 25 years, maritime freight 
traffic to almost quadruple, and passenger traffic to likewise double (Benoit and 
Comeau, 2005). Assuming this scale of growth of human activity, the risk of 
deterioration of the coastal areas, as exemplified by problems of eutrophication, 
erosion, proliferation of invasive species, and seabed destruction, and therefore, 
the risk of seagrass meadow decline, can only increase in the years to come.
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In addition, there is also growing evidence that P. oceanica meadows are 
vulnerable to climate change, particularly through the impacts of elevated 
seawater temperature on shoot survival. MarM and Duarte (2009) observed a 
steep P. oceanica shoot mortality when seawater exceeds 28°C associated with the 
occurrence of heat waves in the Mediterranean, which were observed twice along 
2002-2007. Whereas the shallow margins of the meadow were able to recover their 
shoot abundance one year after the heat wave event, net shoot losses persisted for 
the following years in deeper areas.
In this context of critical environmental conditions has become of crucial 
importance to develop approaches that could enable to forecast species resistance 
and resilience, and to help in developing adequate management and conservation 
strategies. Genetic diversity plays an important role in this scenario. Genetic 
diversity, in fact, in addition having effects on primary production, inter-specific 
competition, community structure and fluxes of energy and nutrients also 
influences population stability under disturbances by reducing realized 
disturbance, by increasing resistance (decreased biomass loss) or resilience 
(recovery to pre-disturbance conditions, Hughes et al., 2008; Hughes and 
Stachowicz, 2010). In the eelgrass Zostera marina, Reusch et al. (2005) provided 
evidence that genotypic diversity enhances ecosystem recovery following an 
unprecedented heat wave that hit Europe in 2003 and occurred during the 
manipulative field experiments. Recovery following the heat wave was much 
better in plots with multiple genotypes (policultures) that in plots with only one 
genotype (monoculture). The number of shoots was 34% higher in the six- 
genotypes plots than the monocultures, and the biomass was 26% greater. In
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addition, there were benefits in terms of higher abundance (but not diversity) for 
several eipfaunal groups associated with seagrass. Genotypic diversity also 
enhanced the resistence of the Zostera marina ecosystem to the grazing disturbance 
where the number of shoots remaining after grazing by geese rose with the 
increasing genetic diversity (Hughes and Stachowicz, 2004)
The knowledge of the genetic diversity of P. oceanica populations can be useful not 
only to establish the current state of the resource but also to program events of 
recovery and transplants.
1.2.6-Genetic diversity of P. oceanica in the Mediterranean basin
Posidonia oceanica populations, over the years, have been the subject of several 
genetic studies that lead to different results depending on the molecular markers 
used. The first molecular studies about P. oceanica using allozymes (Capiomont et 
al., 1996), M13 DNA fingerprint (Procaccini et al., 1996) and random amplification 
of polymorphic DNA (RAPD, Procaccini and Mazzella, 1996) indicated an almost 
complete uniclonality of the meadows, a low number of alleles per locus and an 
extreme genetic differentiation among populations. Following, the use of new 
primers RAPD (Jover et al., 2003) indicated a higher level of clonal diversity, 
contradicting the results previously obtained. This is not surprising for allozymes 
(i.e. electrophoretically separable morphs of enzymes) considering that they 
cannot take into account silent mutations in coding and non-coding regions of 
DNA and, therefore, they underestimate the real genetic variation. With 
multilocus DNA fingerprinting techniques, instead, polymorphism can be wiped
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out from the analysis together with faint or not well represented bands in 
replicated electrophoretic profiles. The study of genetic structure of P. oceanica 
meadows has seen significant advances with the use of microsatellite markers. The 
first microsatellite-based surveys of genetic diversity in P. oceanica date back to 
1998 when six polymorphic loci (Procaccini and Waycott, 1998) were utilized to 
address meadow diversity of P. oceanica in the West Mediterranean basin 
(Procaccini and Mazzella, 1998). Most of the loci were characterized by 
trinucleotide repeats (five loci were nuclear and one was from the chloroplast). 
The same loci were later used in broader scale surveys within the Mediterranean 
Sea (Procaccini et al., 2001, 2002). These studies detected low levels of variation 
within P. oceanica meadows, with average clonal diversity, calculated over 33 
populations and almost 1000 samples, of 0.32 (G/N, where G is the number of 
genotypes and N is the number of individuals per population). Although the low  
variation, it was nonetheless evident that populations from the western basin were 
genetically more polymorphic than those from the eastern Mediterranean. The 
finding of variation, albeit low, was very interesting because it was significantly 
higher than the variation detected with the techniques previously applied. 
However, the low variability remained puzzling when compared with high 
variability found in the first microsatellite survey of an another seagrass species, 
Zostera marina. For this reason, it was decided to develop new dinucleotide loci 
(Alberto et al., 2003) which have indeed revealed much higher levels of diversity 
that are more similar to those found for Z. marina. Further comparisons of the two 
sets of Posidonia loci, performed by Serra et al. (2007) have revealed that the 
markers are not homogeneous and that the combined use of markers, selected on
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the basis of their discriminating power, allow to reveal higher genetic diversity in 
comparisons to the use of single set of markers. A complete reanalysis of P. 
oceanica using all 13 microsatellites across 34 populations and 1200 individuals 
(Arnaud-Haond et al., 2007) has doubled the earlier estimate of genetic/genotypic 
diversity, although confirming patterns of genetic subdivision previously found 
within the Mediterranean basin (Procaccini et al., 2002). In conclusion, if 
microsatellite diversity is consistently low, then this may rather be an attribute of 
the markers chosen than of the populations under study, as the two sets of 
microsatellite markers developed for P. oceanica have convincingly shown. 
Trinucleotide repeats and chloroplast derived loci, in particular, may be less 
polymorphic than dinucleotide microsatellites.
1.2.7-Genetic structure ofPosidonia oceanica a t basin and meadow scale
Studies conducted on about 50 P. oceanica populations, by using the total set of 
microsatellite markers, showed that there is a clear separation between western 
and eastern populations in the Mediterranean (Arnaud-Haond et al., 2007, Serra et 
al., 2010), confirming the general pattern previously observed with the first set of 
markers (Procaccini et al., 2002). This analyses indicated also the presence of a 
third group represented by the populations from Sicily Channel, particularly 
Pantelleria, Marzamemi and Malta (Arnaud-Haond et al., 2007, Rozenfeld et al., 
2008) showing the Sicily Channel as an important genetic boundary between 
eastern and western Mediterranean basin. The precise position of the transition 
zone has been assessed more recently, analyzing populations from Calabria coasts
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and a bigger number of populations from Sicily Channel (Serra et al., 2010). This 
analysis shifted the transition zone between the eastern and the western basin, at 
level of the eastern side of the Sicily Channel (Serra et al., 2010). Thus, these 
studies highlighted a clear separation between western and eastern populations, 
originated during last glacial period, when the Strait of Sicily was only a narrow 
channel (Thiede, 1978). After sea level started to rise (after 18000 years BP), the 
Strait of Sicily became larger and deeper, and a new connection opened, the very 
narrow Siculo-Italian Strait (Strait of Messina). Thus, only quite recently the 
eastern and western populations came in to contact, although sea-currents driven 
dispersal seem to ensure only limited gene flow between the two sides of the basin 
(Serra et al., 2010).
At meadow-scale, the analysis of spatial genetic structure was performed in a 
large P. oceanica meadow located in Lacco Ameno (Ischia, Gulf of Naples) that 
extends along a wide depth gradient (Migliaccio et al., 2005). Results showed that 
genetic diversity was not evenly distributed throughout the meadow, with 
consistently higher genetic diversity at the deep margins of the meadow and at the 
shallow stations. Higher clonality was recorded at stations located in the 
intermediate positions. Furthermore, different sample groups were identified 
within the meadow by means of a Bayesian approach. One big group included 
samples from shallower stations, while all the samples collected in the deep site of 
the meadow clustered in another group.
The authors thought that the genetic distinction between shallow and deep 
stations was related to the temporal shift in the ripening period for sexual 
structures at different depths (Buia and Mazzella 1991), as has already been
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suggested by Procaccini et al. (2001). In addition, the high heterozygosity recorded 
in the meadow could indicate adaptation and should facilitate persistence in the 
rapidly changing coastal environment. This findings opened new challenges 
aimed at assessing the extent to which functional plasticity is present and to 
determine the mechanisms of adaptation to environmental features, such as light 
attenuation, within the same meadow and along the wide depth gradient.
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2-Development of 51 novel EST-linked 
microsatellites in the Mediterranean seagrass 
Posidonia oceanica
2.1-Abstract
This study reports the isolation, the multiplexing and the characterization of 51 
Expressed Sequence Tag (EST)-linked microsatellite markers in the seagrass 
Posidonia oceanica. These markers and 13 anonymous microsatellites previously 
developed were assembled in 7 multiplex and one singleplex PCR and were tested 
for their polymorphism in two Mediterranean populations. Of 64 microsatellites 
analyzed, 26 (14 newly selected within EST regions and 12 anonymous) were 
polymorphic in at least one of the populations analyzed. The EST-linked markers 
will be useful for assessing genetic structure and functional diversity in natural 
populations of Posidonia oceanica.
Keywords: local adaptation; conservation; EST-linked microsatellite markers; 
multiplex PCR; genetic polymorphism; Posidonia oceanica.
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2.2-Introduction
Microsatellites, or simple sequence repeats (SSRs, Edwards et al., 1991), are 
tandem repeats of DNA sequences of a few base pairs (1-6 bp) which are 
widespread in all prokaryotic and eukaryotic genomes analyzed to date (Zane et 
al., 2002). Several fields of genetic research in plants make use of microsatellites to 
address various questions such as population genetic analysis, quantitative trait 
loci (QTL) analysis and traceability (Li et al., 2009). In these contexts, 
microsatellites are markers of choice, as they have a number of desirable features, 
such as codominant inheritance, high mutation rates, transferability. In spite of 
their wide applicability, SSR markers have some drawbacks regarding their 
lengthy and costly development and their relatively low throughput. However, 
recently, important progresses have been made in SSR development and 
genotyping. First, the establishment of genome and expressed sequence tag (EST) 
sequencing projects in several plant species have generated a vast amount of 
publicly available sequence data, making the generation of SSRs easier and faster. 
DNA and EST sequences deposited in on line databases can be easily downloaded 
and scanned for the identification of SSR, referred as genomic SSRs and EST-SSRs, 
respectively. Second, multiplexing microsatellites has become much easier by 
capillary electrophoresis equipment relying on automated laser-induced 
fluorescence DNA technology (Guichoux et al., 2011).
Recently, Expressed sequence tags (ESTs) derived from two complementary DNA
(cDNA) libraries made with samples from a meadow located in Lacco Ameno,
Ischia (Gulf of Naples) have been developed for Posidonia oceanica and made
available in the seagrass database, Dr. Zompo (Wissler et al., 2009). The cDNA
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libraries were constructed using pooled total RNA, extracted from 10-15 
genotypes from each of the two sampling depths (-5 and -25 m), and were 
subtracted to select differentially expressed genes. EST libraries has proven to be a 
useful source of novel, gene-linked molecular markers (Li et al., 2004; Vasemagi et 
al., 2005) particularly in species in which the full genome has not been sequenced. 
Microsatellites developed from EST sequence have the advantage of being linked 
to functional genes, as it is possible to connect the function of the transcript of the 
genes from an EST sequence with the presence of a microsatellite. This 
characteristics makes the EST-SSRs particularly useful for genome scans studies 
for local adaptation. Genome scans are based on the principle of "genetic hitch­
hiking" (Maynard Smith and Haigh 1974; Kaplan et al., 1989) according to which if 
molecular markers are physically linked to functionally important genes, the 
action of selection on such genes also affects the flanking markers. The genetic 
hitch-hiking can be easily detected since the selected locus and its linked regions 
exhibit a variation pattern that is distinct from the rest of the genome.
Here, primers for 51 EST-linked microsatellites were developed and arranged in 
five multiplexes and one singleplex PCR, reducing genotyping effort for future 
population genetic and functional genomics studies, such as genome scans.
Chapter 2
2.3-Materials and Methods
2.3.1-Collection of samples and DNA isolation
Twenty samples of Posidonia oceanica were collected from two localities along the 
coasts of the Mediterranean basin: Delimara located in the central basin (Strait of 
Sicily, Malta) and Meloria located in western basin (North Tyrrhenian Sea, Italy, 
Figure 2.1). In each site, shoots were collected at the reciprocal distance of 7-10 m, 
minimizing the risk of sampling repeatedly the same genotype (Procaccini et al., 
2001). Adult leaf tissues were cleaned from epiphytes and stored at -80°C. 
Genomic DNA was extracted following the hexadecyltrimethyl ammonium 
bromide (CTAB) extraction procedure as in Procaccini et al. (1996).
DNA quality was assessed through 1.0% (w /v) agarose/0.5X TBE gels containing 
0.5mg/mL ethidium bromide and visualized by UV illumination. DNA purity and 
concentration was measured using a NanoDrop® ND-1000 Spectrophotometer 
(Thermo Fisher Scientific).
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Figure 2.1. Geographical position of the two Posidonia oceanica populations sampled. Delimara -  
Strait of Sicily, Malta (35° 51' 28" N; 14° 33' 07" E); Meloria -  Tyrrhenian Sea, Italy (43° 31' 41" N; 10° 
10’32" E).
2.3.2-Microsatellites selection
Two sets of microsatellites, EST-linked and anonymous microsatellites, were used 
for this study. EST-linked microsatellites were selected considering genes 
differentially expressed in a P. oceanica subtraction cDNA library built using 
samples collected from a meadow located in Lacco Ameno (Ischia, Gulf of Naples) 
at two different depths, -5 m (shallow stand) and -25 m (deep stand, Procaccini et 
al., 2010). A total of 66 contigs containing microsatellites and differently expressed 
in the two depths were identified, 17 di-nucleotides, 29 tri-nucleotides, 15 tetra- 
nucleotides, 2 penta-nucleotides and 3 hexa-nucleotides. In addition, when
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primers for the selected contigs did not work, contigs containing microsatellites 
were chosen from Dr. Zompo database as having a long repeat array or involved 
in photosynthesis and metabolism. Additionally, we used 13 anonymous 
microsatellites (5 di-nucleotides, 7-tri-nucleotides and one hexa-nucleotide) that 
had been previously developed (Procaccini and Waycott, 1998; Alberto et al., 2003, 
highlighted with an asterisk in Table 2.1). They consist of twelve nuclear 
microsatellites, isolated by screening a Posidonia oceanica genomic library, and one 
chloroplastic obtained from an existing sequence of tmL (UAA) chloroplast intron.
2.3.3-Multiplex PCR development
PCR Primer design. To reduce genotyping effort, it was adopted the strategy of 
microsatellites multiplexing, consisting of the simultaneous amplification of 
multiple DNA fragments in a single reaction. Thus, the initial phase of PCR 
primers choice was carefully planned in view of the multiplex PCR design. 
Compared to singleplex PCR, where only one primer pair is present in the 
reaction, several primer pairs co-amplify in multiplex PCRs, making primer 
design and amplification more difficult. First, when planning a multiplex system, 
primers should be checked during primer design in all combinations to avoid 
potential formation of primer cross-dimers. Second, primers need to be compatible 
in terms of annealing temperatures, in order to generate similar quantities of each 
PCR product. Third, the primers need to generate amplification products within 
distinct size classes to simplify the scoring of multiple loci using multiplex PCR. 
Considering these factors, 106 EST-microsatellites were identified as candidate loci
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for the study. For this study, perfect, composite and interrupted microsatellites 
was considered that showed more than 3 repetitions for dinucleotides, 
trinucleotides and heptanucleotides and more than 2 for tetranucleotides and 
hexanucleotides. Primer pairs were designed on the sequences available in the 
seagrass EST database Dr. Zompo, using the web-based software PRIMER3 ver. 
0.4.0 (Rozen and Skalestsky, 2000) with the following parameters: optimal primer 
size of 20 bp (min = 18, max = 25 bp), optimal primer TM of 60°C (min = 57°C, 
max = 63°C), optimal GC content of 55% (min = 20, max = 80%), product size of 
100-550 bp, primer self-complementarity restricted to 8 or fewer bases, and 3' end 
primer self-complementarity restricted to 3 or fewer bases. In some cases, when 
the software PRIMER3 did not find suitable primers due to restrictions of the 
sequence (i.e. when the repeat motif was close to the end of the EST sequence), 
primers were designed by hand, although presenting parameters slightly different 
from those above (i.e. lower or higher TM than the range 57°-63°C)..
Simplex Amplification. Each primer pair was initially tested on genomic DNA from 
one individual in singleplex PCR reactions to check for correct amplification of the 
desired fragments. After testing different amounts of DNA template, primers 
concentrations and Taq DNA polymerase units, final singleplex amplifications 
were performed in a volume of 10 pL consisting of (including) 4 ng of template 
DNA, IX PCR Buffer (Roche Applied Science), 5 pmol of each primer, 0.2 mM of 
each dNTP, and 1.5U of Taq DNA polymerase (Roche Applied Science). For 
annealing temperature optimization, amplifications were conducted with 
temperature gradients on a PCR Express Thermal Cycler (Thermo Scientific) with 
the following reaction profile: initial denaturation for 3 min at 94°C, 35 cycles of
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denaturation of 30 s at 94°C, annealing of 40 s at gradient temperature (range: 53°- 
72°), extension of 1 min at 72°C; and a terminal extension for 10 min at 72°C. All 
primer pairs were set to work at the annealing temperature of 60°C (Table 2.1). 
PCR amplification products were analyzed by electrophoresis through 1.5% (w /v) 
agarose/0.5X TBE gels containing 0.5mg/mL ethidium bromide and visualized by 
UV illumination. To confirm correct product amplification, PCR products were 
eluted from the gel with GenElute™ Gel Extraction Kit (Sigma-Aldrich) and 
sequenced. When primers were designed too close to the repeat motif, sequences 
were obtained by cloning with TOPO TA Cloning® kit (Invitrogen Corporation; 
Carlsbad, CA) following the manufacturer's instructions.
Multiplex Amplification and optimization. Microsatellites successfully amplified were 
selected for the combination in multiplex on the basis of the sizes of amplicons 
they generated and on the basis of their sequence compatibility. Fast PCR software 
(Kalendar et al., 2009) was used to analyze the primer pairs compatibility for 
combination in multiplexes. A specialized multiplex PCR buffer (Qiagen PCR 
Multiplex kit) was used for multiplex PCR, to increase the specificity of the 
amplification and to help in overcoming some problems during PCR (i.e. prevents 
the formation of misprimed products and primer-dimers during reaction setup 
and ensures comparable efficiencies for annealing and extension of all primers in 
the reaction), particularly if a high level of multiplexing is targeted. In the first 
provisional multiplex PCR reactions, all primer pairs were used at equal 
concentrations and the reaction volumes were the same as suggested by the 
manufacturer. Multiplex PCR amplifications were conducted in 50 pi reaction 
volumes containing IX QIAGEN Multiplex PCR Master Mix (QIAGEN,
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Netherlands), 5pmol of each primer pairs (Table 1) and 4 ng of genomic DNA. The 
recommended Qiagen Multiplex PCR Handbook cycling protocol was used with 
an annealing temperature of 60°C and 30 PCR cycles. Multiplex thermal cycling 
was conducted on a GeneAmp® PCR System 9700 (Applied Biosystems) as 
follows: initial activation of 15 min at 95°C, 30 cycles of denaturation of 30 s at 
94°C, annealing at 60°C for 90 s, and extension at 72°C for 60 s. The final extension 
was at 60°C for 30 min. The inclusion of a final extension step for 30 minutes at 
60°C allows the generation of A-overhangs by HotStarTaq DNA polymerase. 
These overhangs are required for accurate data using capillary DNA sequencers 
because they minimize the formation of split peaks in the electrophoretic profile. 
Multiplex PCR amplification products were initially analyzed by electrophoresis 
through 3.5% (w /v) agarose/0.5X TBE gels and visualized under UV light. The 
separation of multiplex PCR amplicons on agarose gel allowed to confirm primer 
pairs compatibility in multiplex design and to have an approximate idea of yields 
of the single PCR products. After that, a first optimization step started: loci that 
did not amplify in a particular multiplex were rearranged, primer concentrations 
were changed, in order to balance PCR products yields and several experiments 
were performed aimed to reduce the mix volume. Once obtained the desired 
multiplex amplifications, they were analyzed by capillary electrophoresis for the 
second optimization step. The separation and detection of PCR products were 
accomplished with the ABI Prism 3730 automated DNA sequencer (Applied 
Biosystems, Foster City, CA) using filter dye set G5 (6-FAM™, VIC® NED™, 
PET®, LIZ® dyes). The internal lane size standard, GeneScan™-600 LIZ®, was 
labeled with LIZ® dye (Applied Biosystems). Forward primers were labeled with
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one of the 4 remaining dyes. Fluorescent dye selection was determined by the 
ampMcation-product size of each primer pair, such that there was no size 
overlapping between amplification products containing the same dye. During the 
optimization step, multiplex PCR reactions were conducted with the same 
protocol presented above, except for testing different concentrations of the primer 
pairs and reduced reaction volumes (see below for the final protocol). After the 
amplification, multiplexes from the same individuals were analyzed at the 
automatic sequencer in two conditions: with or without purification of PCR 
products. About 2 ng of PCR products were mixed with 0.2 pL of internal lane size 
standard and 12.8 pL formamide (Applied Biosystems) and denatured for 3 min at 
95°C. After cooling on ice, the samples were injected in the automated DNA 
sequencer for 10 s at 2000 V and separated at 15000 V for 44 min at 66°C. 
Electropherogram profiles were visualized and analyzed using the software 
PeakScanner (Applied Biosystems). The analysis with the automatic sequencer, 
that gives quantitative information in the form of peak areas or peak heights, 
allowed to perform a second, and finer, optimization step regarding the balancing 
of the amplification yields. Primer concentrations were adjusted stepwise by 
decreasing those pairs that resulted in relatively stronger signals than the others 
and increasing the ones producing too weak peaks. The second optimization step 
resulted in final multiplex PCR conditions (Table 2.1). Multiplex PCR 
amplifications were conducted in 50 pL (13-Plex-A, 13-Plex-B, 11-Plex and 8-Plex), 
in 25 pL (5-Plex, 7-Plex and 6-Plex) or in 10 pL (singlePlex) reaction volumes 
containing IX QIAGEN Multiplex PCR Master Mix (QIAGEN, Netherlands), equal 
concentration of each primer pairs (Table 2.1) and 4 ng of genomic DNA. One
Chapter 2
locus (Pooc_Contig307), that amplified with very low efficiency, was left out of the 
multiplex design. The comparison between the electrophoretic profiles from 
purified and not purified PCR multiplex showed no substantial difference in the 
resolution of the peaks thus, for the successive capillary electrophoresis, no PCR 
products purification was applied. The basic strategy for the development of the 
multiplex PCRs is outlined in Figure 2.2.
Primer design
4
Singleplex amplification
4
Multiplex amplification and optimization
63 m ic ro sa te ll ite  m a rk e rs
3  Cs
CLSrv* i
MulKplM
PCR
?
Figure 2.2 Overview of multiplex PCRs development. The 63 microsatellite markers are 
multiplexed into 7 PCR reactions. 50 EST-linked-microsatellites were combined in five multiplexes, 
of which two included 13 (13-Plex-A and 13-Plex-B), one 11, one 8, and one 5 primer pairs. One 
locus (Pooc_Contig307), that amplified with very low efficiency, was left out of the multiplex
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design and for this reason is not reported in the figure. 13 anonymous markers were combined in 
two multiplexes, including 6 (6-Plex) and 7 primers pairs (7-Plex), respectively.
2.3.4-Statistical analysis
The software GenAlEx (Peakall and Smouse, 2006) was used to estimate 
population genetic parameters: number of alleles (Na), observed (H0) and expected 
(He) heterozygosity. Exact test of Hardy-Weinberg equilibrium for each locus in 
each population was analyzed using the software Arlequin ver. 3.5 (Excoffier and 
Lischer, 2010). The program GENEPOP v. 3.1 (Raymond and Rousset 1995) was 
used to calculate linkage disequilibrium between pairs of loci in each population. 
The p-values were adjusted using Bonferroni correction for multiple comparisons 
with the SGoF program (Carvajal-Rodriguez et al., 2009). Clonal diversity was 
estimated as:
with G representing the number of distinct multilocus genotypes and N 
representing the total number of samples. Calculations were performed using the 
software Gimlet (Vali£re, 2002). MICRO-CHECKER (Van Oosterhout et al., 2004) 
was employed to test for null alleles and large allele dropout, to score stutter 
peaks and to estimate null allele frequencies. The neutral locus Poc-tm  was 
originally selected from the chloroplastic genome, which is uni-parentally 
inherited in plants. Hence, it was not utilized for heterozygosity assessment and 
related statistics.
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Chapter 2
2.4-Results and Discussion
2.4.1-Microsatellite Development
The analytical workflow used for microsatellite marker development resulted in 
106 EST-linked microsatellite markers that met the specified criteria and for which 
primer pairs were designed. From the preliminary screening for amplification 
success, 51 (48%) microsatellites gave reliable and consistent amplification 
products, the remaining microsatellites failed to amplify or showed multiple 
products. The 51 microsatellites include different classes of tandem repeats: 20 di­
nucleotides, 27 tri-nucleotides, 3 tetra-nucleotides and 1 hesa-nucleotide (Table 
2.1, Materials and Methods). Sixteen of them gave amplicons longer than expected 
due to the presence of introns, (indicated with asterisks in Table 2.2) as expected 
for microsatellites designed from EST sequence. Of the 51 microsatellites 
successfully amplified, 86% were located within ESTs with positive annotation 
against the SwissProt database (E-value from 0.0 to 9.0e-37) while 14% were in 
ESTs with unknown function (Table 2.2).
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Chapter 2
Out of 106 markers, 50 EST-linked-microsatellites were combined in five 
multiplexes, of which two included 13 (13-Plex-A and 13-Plex-B), one 11, one 8, 
and one 5 primer pairs. One locus (Pooc_Contig307), that amplified with very low 
efficiency, was left out of the multiplex design. The 13 anonymous microsatellites 
were arranged in 2 multiplexes including 7 and 6 primer pairs, respectively 
(Figure 2.3).
Figure 2.3. Agarose gel electrophoresis of the 7 multiplex PCRs developed. M = DNA ladder 100. 
Each band represents a locus amplified by PCR. In the lane where the 13-Plex-B was analyzed the 
presence of an additional PCR product (than 13 PCR products expected) results from the 
heterozygosity found at locus Pooc-333, where the alleles 397 and 410 were present. Amplification 
products ranged from 134 bp to 502 bp.
-67-
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The multiplex optimization steps, consisting mainly of adjustments of primer 
concentrations, resulted in very clear and balanced electrophoretic profiles (an 
example of one of the 7 multiplex PCR is showed in Figure 2.4. See appendix, 
Figure 2.A1 for the remaining 6 multiplex PCR).
13-Plex-A
300100 200 500
-5000
-4000
-3000
-2000
4000
Pooc-229 Pooc-145
l’LT
NED
Dye
VIC
i-FAM
100 200 500400
Figure 24. Example of a typical electrophoretic profile obtained for the multiplex PCR 13Plex-A for 
one individual (upper panel) and diagram showing allele size range and fluorescent dyes of each 
of the multiplexed loci (lower panel). In upper panel, triangles indicate alleles at each locus. In 
lower panel, dark rectangles represent the observed allele range (base pair); light rectangles 
represent an arbitrary potential allele size range used during the multiplex design to avoid allele 
overlap of loci labeled with the same fluorescent dye.
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2A.2-Microsatellite Characterization
The intra-population polymorphism of the 64 microsatellites (51 EST-linked and 
13 anonymous microsatellites) was tested by genotyping 20 individuals from 2 
populations located in Delimara and Meloria. Out of 64 microsateUites analyzed, 
26 (14 EST and 12 anonymous) were polymorphic in at least one of the two 
populations, the remaining 38 were monomorphic (see Figure 2.5 for the 26 
polymorphic loci).
E-SSR
A-SSR
4  *
Overall
Delimara
Meloria
nP
■SSR E-SSR 
12 14
12 11
Figure 25. Polymorphic lod in the two populations analyzed. Filled circle = polymorphic locus; 
empty circle = monomorphic locus; nP = number of polymorphic loci; A-SSR= anonymous 
microsatellites. E-SSR = EST-linked microsatellites.
Twenty-three loci were polymorphic in Delimara, exhibiting from 2 to 10 
alleles/locus with an average of 3.391 alleles/locus. Twenty-two microsatellites 
were polymorphic in Meloria, exhibiting from 2 to 9 alleles/locus with an average 
of 3.136 alleles/locus (Table 2.3). In Delimara, the mean number of alleles per 
locus was 3.833 for anonymous markers and 2.909 for E-SSRs. In Meloria, the 
mean number of alleles per locus was 3.700 for anonymous markers and 2.667 for
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E-SSRs. Functional constraints in transcribed versus neutral regions of the genome 
may result in restriction on the range of potential allelic state at a given locus, and 
hence lead to a low level of diversity for EST-linked markers. All individuals 
analyzed showed distinct multilocus genotypes (R = 1 for both populations). 
Observed (H0) and expected (He) heterozygosities values ranged from 0.150 to 1 
(average = 0.647) and from 0.139 to 0.850 (average = 0.472) respectively, in 
Delimara, and from 0.050 to 1 (average = 0.599) and from 0.049 to 0.723 (average = 
0.483) respectively, in Meloria. Significant deviations from Hardy-Weinberg 
equilibrium expectations were detected for 7 loci in Delimara and for 8 loci in 
Meloria (indicated with asterisks in Table 2.3). Most of the loci presented an excess 
of heterozygosity. Heterozygosity excess has been already observed in Posidonia 
oceanica meadows (Migliaccio et al., 2005; Amaud-Haond et al., 2007; Tomasello et 
al., 2009; Meinesz et al., 2009) and, in general, seem to be a characteristic of 
seagrasses: heterozygosity excess has been also found in Cymodocea nodosa, Zostera 
noltii (Ruggiero et al., 2005a,b), and Zostera marina (Hammerli et al., 2003). Within a 
population, heterozygote excess revealed by negative Fis, has several potential 
causes. It may result from small reproductive population size. When only few  
breeders contribute to the next generation, allelic frequencies can differ between 
male and female parents by chance alone (Rasmussen 1979; Pudovkin et al. 1996). 
Negative Fis may also arise through negative assortative mating between 
individuals carrying different alleles. Another explanation for negative Fis 
involves asexual reproduction (Delmotte et a l . 2002; Balloux, 2004; Alberto et a l . 
2005; Ruggiero et a l . 2005a) that maintains heterozygosity or even increases it by 
mutation over generations (Judson and Normark 1996; Welch and Meselson 2000).
Chapter 2
Lastly, high observed heterozygosity could depend from balancing selection 
leading to local adaptation via heterozygote advantage (overdominance) and thus 
be correlated with individual fitness (Stoeckel et al., 2006). In theory this 
explanation should not be valid if the microsatellites used are truly neutral, which 
is a general assumption for these molecular markers. Nevertheless, it has been 
showed that microsatellites can have various functions within the genome (Li et 
al., 2002) hence, it is possible that also some loci used in this study could have 
patterns not consistent with neutrality.
A general excess of homozygotes for most allele size classes was found at two loci 
(Po5-40, Pooc-PC045G11) in Meloria, as showed by the analysis with MICRO­
CHECKER software. The analysis with MICRO-CHECKER also indicated no 
scoring errors attributable to stuttering or large allele dropout. Evidence of null 
alleles was found at two loci, Po5-40 and Pooc-PC045G11, in Meloria. Null allele 
frequencies for all loci, estimated following Brookfield 1 equation, are reported in 
Table 2.3. Test for linkage disequilibrium for each pair of loci in each population 
revealed no significant associations after Bonferroni correction (significance level = 
0.05).
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2.5-Conclusions
Here, the isolation, multiplexing and characterization of EST-linked microsatellites 
in P. oceanica are reported. These markers open new perspectives for functional 
studies in this species that may lead to the identification of adaptive responses of 
natural populations to environmental challenges.
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2.7-Appendix
Figure ZA1. Example of a typical electrophoretic profile obtained for the remaining 6 multiplexed 
PCR for one individual (upper panel) and diagram showing allele size range and fluorescent dyes 
of each of the multiplexed loci (lower panel). In upper panel, triangles indicate alleles at each locus. 
In lower panel, dark rectangles represent the observed allele range (base pair); light rectangles 
represent an arbitrary potential allele size range used during the multiplex design to avoid allele 
overlap of loci labeled with the same fluorescent dye.
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3-Comparative performance of EST-linked and 
anonymous microsatellite loci in assessing 
genetic diversity in the seagrass P o s i d o n i a  
o c e a n i c a
3.1-Abstract
Anonymous and EST-linked microsatellites have been used to measure genetic 
variation in the wild. Due to their linkage with functional genes, EST-linked 
markers may show lower polymorphism and consequently lower resolution in the 
assessment of clonal diversity and population differentiation. Here, the 
performance of these two types of markers was compared in populations of 
Posidonia oceanica analyzed with 13 anonymous and 51 EST-linked microsatellites 
(E-SSRs). Anonymous microsatellites showed significantly higher levels of allelic 
diversity than EST-linked microsatellites, higher power in the analysis of clonality 
as well as in the study of population differentiation and cluster analysis. 
Conversely, E-SSRs showed overall lower variation but have the major advantage 
of leading to a better understanding of genes underlying local adaptation.
Keywords: anonymous microsatellites, expressed sequence tag-microsatellites, 
genetic diversity, polymorphism, marker comparison.
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3.2-Introduction
Genetic diversity plays an important role in species persistence. Therefore, the
analysis of the levels of genetic variation in natural populations is critical to the
understanding of species evolution and to define appropriate strategies for the
conservation and management of biodiversity. Several approaches have been
adopted in the last 20 years to study organismal genetic diversity at population
level (e.g. Agarwal et al., 2008, Finger and Klank, 2010). DNA approaches
commonly employed in plant population genetics are based on AFLPs (amplified
fragment length polymorphisms, Vos et al., 1995), RAPDs (randomly amplified
polymorphic DNAs, Williams et al., 1990), ISSRs (inter simple sequence repeats,
Zietkiewicz et al., 1994) and microsatellites (or SSRs, Tautz, 1989). Among those,
the most commonly used markers in population genetics are microsatellites.
Microsatellites are codominant hypervariable markers (e.g. Oliveira et al., 2006;
Selkoe and Toonen, 2006; Kalia et al., 2011), especially suited to indentify genetic
variation at population and individual levels. Among their limitations there are: 1)
a species-specific marker development phase required (Squirrell et a l . , 2003), 2)
possible variation in the primer sites that can lead to null alleles (Pemberton et al.,
1995) and 3) homoplasy due to identity between alleles by chance rather than
descent (Goldstein and Schlbtterer, 1999). Traditionally, only genomic
microsatellites were identified from the genome of non model species which were
not suited for functional studies. With the increasing availability of genomic tools
for genetic model and non-model species, an increasing amount of sequence
information is becoming available in public and private databases. These
databases can be "mined" for SSR loci (Scott et al., 2000; Arnold et al., 2002; Eujayl
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et al., 2004; Gao et al., 2004) that can be used in functional studies, because of their 
linkage with expressed sequence tags (Varshney et al., 2005).
As a consequence of this increasing availability, E-SSRs are used to study adaptive 
evolution in natural populations. The ability to indentify signatures of selection on 
these microsatellite loci depends on the strength of linkage from the locus under 
selection and may decay with recombination events (Wiehe, 1998). Therefore, the 
capability to indentify selective sweeps in loci linked to genes under directional 
selection depends on the "age" and strength of the selection event (Vigouroux et 
al., 2002). Given their linkage to genes under selection ESTs-linked markers are 
expected to be more conserved as compared to markers located in non-transcribed 
regions. Functional constraints in transcribed regions of the genome can result in a 
lower mutation rate both in the repeat region and in the priming site (Metzgar et 
al., 2000; Li et al., 2002). This should also reduce the presence of null alleles, that 
could occur when one or both primers extend across a splicing site or when 
mutations (in-dels or substitutions) are in the primer binding site (Lehman et al.,
1996). In addition, as consequence of their lower mutation rate, E-SSRs have a 
higher level of transferability to related species than genomic SSRs, allowing a 
greater cross amplification of primer sets in range-wide studies (Varshney et al., 
2005).
Repeat number and total length of SSRs in transcribed regions are smaller (Thiel et 
al., 2003; Buonaccorsi et al., 2012) as compared to genomic SSRs. In this shorter 
repeat array, the slippage of the DNA polymerase during PCR is reduced resulting 
in cleaner fragment profiles with fewer stutter bands for EST-SSRs than that 
typically observed from genomic SSRs. On the other hand, however, the lower
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polymorphism in EST-SSRs as compared to genomic microsatellites, reduces 
sensitivity of the former in detecting within population variation (Varshney et al.,
2005).
So far, direct comparisons of the performance of EST-SSRs (E-SSRs) and genomic 
SSRs (A-SSRs) in inferring population genetic structure have been reported in few  
studies. In plants, Woodhead et al. (2005) showed that, in the alpine lady-fern, E- 
SSRs are as efficient as neutral markers in the analysis of population genetic 
structure. Analyses of the difference of genomic SSR and E-SSR in assessing the 
genetic diversity of poplar clones (Song et al., 2012) revealed that genomic SSRs 
were more polymorphic than E-SSRs, but the latter were better at identifying 
distinct genotypes. Conversely, a study performed in Durum wheat (Eujayl et al., 
2001) showed that the E-SSRs were less polymorphic but also less powerful in 
discriminating genotypes compared to the genomic SSRs. In corn rootworms, Kim 
et al. (2008) reported that genomic and E-SSRs performed similarly in estimating 
genetic diversity, population assignment and detection of distinct populations, 
while in lettuce (Simko et al. 2009) and in cucumber (Hu et al., 2011) anonymous 
SSRs showed higher polymorphisms than E-SSRs.
Studies performed in fish, generally agree on showing that E-SSRs are less 
polymorphic as compared to genomic SSRs (Coulibaly et al. 2005; Vilas et al. 2010; 
Buonaccorsi et al. 2012) with the exception of a flatfish species, Senegalese sole, 
where Molina-Luz6n et al. (2012) found no significant differences between A-SSRs 
and E-SSRs in terms of number of alleles and observed and expected 
heterozygosities.
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Overall, existing studies agree on the fact that A-SSRs are more polymorphic than 
E-SSRs, although there is not a common trend on which of the two types of 
markers is more informative in population genetic analyses.
In this study, the performance and resolution power of the new E-SSR loci 
presented in chapter 2 and A-SSR loci previously developed in Posidonia oceanica 
(Procaccini and Waycott, 1998; Alberto et al., 2003) were investigated in of six 
populations from the Mediterranean basin, with the aim of identifying the most 
informative marker type for future population genetic analyses. We expect to find 
a major polymorphism at the anonymous markers in comparison to E-SSRs 
markers that, being located in transcribed regions, are supposed to have a higher 
level of sequence conservation. Hence, we also expect that anomymous markers 
will be more powerful in the genotype discrimination as well in the analysis of 
population structure.
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3.3-Materials and Methods
3.3.1-Collection of samples and DNA isolation
Six Posidonia oceanica populations (N= 40 to 53) were analyzed in this study 
(Figure 3.1). Each population was sampled at two different depths (-5 m and -20 
m).
500 km
300 mi
eso T
teno
elimara
Figure 3.1. Geographical position of the Posidonia oceanica populations sampled. Delimara -  Strait 
of Sicily, Malta (35°51'28"N; 14°33'07"E); Lacco Ameno -  Central Tyrrhenian Sea, Italy (40°45'52"N; 
13°53'29"E); Marettimo -  Southern Tyrrhenian Sea (37°58'10"N; 12°04'76"E), Italy; Meloria -  North 
Tyrrhenian Sea, Italy (43°31'41"N; 10°10'32"E ); Piombino -North Tyrrhenian Sea, Italy (42°56'92"N; 
10°38'99"E); Stareso -  Corsica Sea, France (8°45'E; 42°35'N).
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For Lacco Ameno, Marettimo, Piombino and Stareso populations, leaf tissues was 
cleaned of epiphytes and stored in 15 ml Falcon tubes (Sigma-Aldrich) filled with 
silica gels crystals (AppliChem). 30 mg of tissue were grounded in the TissueLyser 
MixerMill (Qiagen) and transferred in 96-well plates where DNA extraction was 
performed using the NucleoSpin® 96 Plant II kit (Macherey-Nagel), following the 
instructions of the manufacturer modified as in Migliaccio et al. (2005). For 
Delimara and Meloria populations, a hexadecyltrimethyl ammonium bromide 
(CTAB) extraction procedure was performed (see Material and Methods, Chapter 
2)-
3.3.2-Microsatellites selection
Two microsatellites types were analyzed in this study: 13 anonymous or genomic 
microsatellites (A-SSRs, Procaccini and Waycott, 1998; Alberto et al., 2003) and 51 
EST-linked microsatellites (E-SSRs, see Chapter 2 for E-SSRs details).
3.3.3-Clonality and genetic diversity indices
To investigate the performance of the two classes of markers, clonal diversity and 
genetic diversity indices were calculated separately for each microsatellite class. 
Before calculating population genetic parameters, identical genotypes were 
identified and excluded. Levels of clonality were estimated by calculating 
genotypic richness (R), defined as
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where G is the number of distinct multilocus genotypes and N is the number of 
samples in the population.
Discriminating power (D) estimated for each microsatellite locus was used as a 
quantification tool to measure the efficiency of a given marker for the 
discrimination of genotypes. Following Tessier at al., 1999, if C is the confusion 
probability, i.e. the probability that two randomly chosen individuals from the 
sample have identical allelic patterns, then D=l-C represents the probability that 
two randomly chosen individuals have different patterns, and thus are 
distinguishable from one another. For the jth primer, the confusion probability C,- 
is equal to the sum of the different Cj for all I patterns generated by the primer:
i=l i=l
Thus, the discriminating power of the jth primer is equal to:
i=l
In order to select the best markers combination, including A-SSRs and E-SSRs, to 
use in future studies of clonal diversity in P. oceanica, the resolution power of the 
combined set of markers was also analyzed (see Appendix).
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Number of alleles (Na), allelic richness (A), expected (He) and observed (H0) 
heterozygosity were calculated using the software FSTAT ver. 2.9.3 (Goudet, 
2001). Private alleles were scored with Genalex ver. 6.5 (Peakall and Smouse,
2006).
The repeat number and the variance in the repeat number at each locus were 
calculated with the software Microsatellite analyzer (MSA) ver. 4.05 (Dieringer 
and Schlbtterer, 2003).
The Polymorphism Information Content (PIC) was used as a tool to measure the 
information that a given marker locus could provide for the pool of genotypes. 
PIC values were calculated for estimates of marker informativeness according to 
the equation of Botstein et al. (1980) using the Excel Microsatellite Toolkit 3.1.1 
(Park, 2001).
3.3.4-Population genetic structure analysis
F-statistics and population genetic structure analyses were performed separately 
for each microsatellite class.
F-statistics (Fb , Frr and Fst) were calculated excluding identical clones within 
population using the software FSTAT (Goudet 2001).
To visualize the relationships among populations a PCoA (Principal Coordinate 
Analysis) was performed using GenAlEx ver. 6.5 (Peakall and Smouse, 2006). 
Bayesian clustering method implemented in the software BAPS ver. 5.4 (Tang et 
al., 2009) was used to investigate the genetic structure of Posidonia oceanica 
populations. Individual clustering was estimated using K-values ranging from 1 to
-92-
Chapter 3
21 (six populations sampled at two depths). 100 iterations of each K-value were 
used to judge the consistency of the simulation results. In each simulation, 200 
reference individuals/population and 10 iterations were used to estimate the 
admixture coefficients of the reference individuals. Evidence for admixture was 
considered significant for individuals with P-values <0.05 (Corander and 
Marttinen, 2006).
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3.4-Results
3.4.1-Comparison of A-SSRs and EST-SSRs in the assessment of clonality and 
genetic diversity indices
The 13 A-SSRs were polymorphic in all populations analyzed whereas of the 51 E- 
SSRs, 16 (31.37%) were polymorphic in at least one population, and 35 (68.63%) 
were always monomorphic (Figure 3.2).
E-SSR
 L__
j---------------------------L-------------------------- , Ac?'
f y /r  A-SSR
nP
li-SSR Total
Overall O O O O O O O O O O O O O O O O O O O G O O O O O O O O O 13 16 29
Delimara O O G O G O O G O O C O G G O O O O O G O O O O O O O O O 12 12 24
,acco Ameno G O O G G C 3G O G G O O G O G O O O O G O O G O O G C O C 12 16 2S
Marettimo G G O G O O O G G O O O G G O O O O G G G G G G O G C G O 11 12 23
Meloria O O O G O O O O O O O G G G G O G O O O O O O O O O O G G 11 12 23
Piombino O C O O C O O O O C G O C G O O O O O O O O O O O O O O C 11 12 23
Slareso G G O G G G O G G G O O O O O O O O O O G G G G O G O G G 11 11 22
Figure 3.2. Visual representation of the screening for microsatellite polymorphism in the six 
populations analyzed and in the overall survey. Fill circles = polymorphic loci; empty circle = 
monomorphic loci; nP = number of polymorphic loci; A-SSRs = anonymous microsatellites; E-SSRs 
= EST-linked microsatellites, total = polymorphic loci including both A-SSRs and E-SSRs.
The number of alleles (Na) in the A-SSRs ranged from 2 to 21 (mean A = 6.769 ± 
5.890) and in the EST-SSR from 2 to 16 (mean A = 3.375 ± 3.462) (Table 3.1). Allelic 
richness (A) ranged from 2 to 14.917 (mean A = 5.218 ± 4.373 ) for A-SSRs and 
from 1.867 to 11.343 (mean A = 2.847 ± 2.313 ) for E-SSRs. Overall, the total
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expected heterozygosity per locus (H t) was 0.562 ± 0.275 (range 0.030-0.928), for 
A-SSRs and 0.382 ± 0.244 (range-0.101-0.880), for E-SSRs (Table 3.1).
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Population level descriptive statistics per population and separately for the two 
classes of markers is reported in Table 3.2. At the population level, the total 
number of alleles ranged from 34 (Stareso) to 56 (Delimara) and from 31 (Stareso) 
to 43 (Lacco Ameno) for the A-SSRs and the EST-SSRs, respectively. For A-SSRs, 
the number of alleles/locus ranged from 2 to 10 in Lacco, from 2 to 11 in 
Piombino, from 2 to 13 in Delimara and Marettimo, from 2 to 9 in Meloria and 
from 2 to 8 in Stareso. For E-SSRs, the number of alleles/locus ranged from 2 to 10 
in Delimara and from 2 to 9 in Lacco Ameno, Marettimo, Meloria, Piombino and 
Stareso. Across populations, the largest mean number of alleles was shown by A- 
SSR locus Po5-40 (Na across the 6 populations = 10.667) and by the EST-linked 
locus Pooc-PC045G11 (Na across the 6 populations = 9.167).
Allelic richness ranged from 34 (Stareso) to 52.561 (Delimara), for A-SSR and from 
30.512 (Stareso) to 42.291 (Lacco Ameno), for E-SSRS.
A-SSRs showed private alleles in all the 6 populations studied (Table 2). A total of 
24 private alleles were observed, ranging from 1 (Piombino and Stareso) to 9 
(Lacco Ameno). At locus level 11 (84.61%) out the 13 A-SSR loci, showed private 
alleles, with the locus Po5-49 showing the highest number of private alleles across 
populations (5 private alleles). E-SSRs showed a lower number of private alleles 
(five in total), ranging from 1 (Lacco Ameno) to 3 (Delimara) and were observed 
only in 3 southern populations (Delimara, Lacco Ameno and Meloria). Four (25%) 
out 16 polymorphic E-SSRs showed private alleles, with Pooc-361 showing the 
highest number (2 private alleles).
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Considering the allele sizes detected, it was observed that also the length in 
repeats number was different between the two classes of markers (Figure 3.3). 
Overall, the A-SSR sequence have very long repeat arrays (median = 14, range 3- 
40) in comparison with short repeat arrays in the E-SSRs (median = 7.5, range = 3- 
32) (Figure 3). For the A-SSRs, the minimum repeat was 3 for the locus Poc-26 in 
Lacco Ameno and the maximum repeat was 40 for the locus Po5-40 in Delimara. 
The median repeat number values per population ranged from 12.5 (Lacco 
Ameno) to 16 in Stareso for the A-SSRs. For E-SSRs, the minimum repeats was 3 
for the locus Pooc-264 in Lacco Ameno, Meloria, Piombino and for the locus Pooc- 
54 in Delimara and Lacco Ameno. The maximum repeat was 32 for the locus Pooc- 
PC045G11 in Marettimo (Figure 3.3). Median repeat number values per population 
ranged from 6 in Delimara to 8 in Marettimo for E-SSRs.
A-SSR set E-SSR set
Repeat num ber
_ T Q :y::p:n:zixb 1 1
<r /  ^N?
Figure 3.3. Boxplots of repeat number across loci analyzed overall and at population level. Median 
is showed within the boxes. Box limits indicate interquartile range among the loci.
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The high variability observed for A-SSRs could be related to the repeat number or 
repeat length. The median number of repeats for anonymous microsatellites 
ranged from 3.5 (Poc-26) to 29 (Po5-40) for A-SSRs and from 3.5 (Pooc-54) to 23.5 
(Pooc-PC045G11) for the E-SSRs (Figure 3.4).
Among the five different classes of microsatellites present in our sets (perfect di­
nucleotides, perfect tri-nucleotides, composite tri-nucleotides, interrupted di­
nucleotide and eptanucleotide), perfect di-nucleotide showed higher number of 
repeats both for A-SSR and E-SSR (Figure 3.4).
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Chapter 3
The variance in the number repeats (Figure 3.5, overall) was higher for A-SSR 
(overall variance = 7.738 ± 10.841) and lower for E-SSRs (overall variance = 2.879 ± 
3.845). The mean variance in the repeat number at population level for A-SSRs 
ranged from 5.552 (Meloria) to 13.290 (Lacco Ameno). E-SSRs showed a variance 
ranging from 1.999 (Meloria) to 4.31 (Marettimo). Stareso was the only population 
where variance was higher for E-SSRs than A-SSRs. For both the marker types an 
higher variance was observed for Delimara, Lacco Ameno and Marettimo 
populations in comparison to the northern population (Figure 3.5).
Variance in repeat number
0 2 4 6 8 10 12 14
Overall
Delimara
Lacco Ameno
Marettimo
Meloria
Piombino
Stareso
Figure 3.5. Variance in number repeats over loci analyzed overall and at population level.
In terms of observed and expected heterozygosity and Hardy-Weinberg 
equilibrium (P < 0.05) there were not significant differences between A-SSRs and 
E-SSRs (Table 3.3).
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Chapter 3
In agreement with the heterozygosity values, A-SSR showed that all populations 
have negative Fis values ranging from -0.387 (Stareso) to -0.022 (Meloria) (Table 
3.4). E-SSRs showed negative Fis values in all the populations analyzed ranging 
from -0.406 (Delimara) to -0.302 (Marettimo) and accounted for a major excess of 
heterozygosity compared with A-SSRs.
Table 3.4. Fb for all the populations analyzed, m = monomorphic locus. * = significant at 99% 
confidence interval.
Locus Fis Per population:
A-SSR De La Ma Me Pi St
Poc-45 -0.949 -0.730 -1.000 -1.000 -0.895 -0.529
Po-5 -0.180 -0.341 -0.187 -0.218 -0.108 -0.926
Poc-5 -0.070 -0.049 1.000 m m m
Poc-35 -0.949 -0.115 -0.418 -0.308 -0.007 -0.182
Po-5-49 0.176 -0.149 0.106 0.300 0.029 -0.604
Poc-tm m m W-. ^ - - :
Poc- 26 m -0.085 m m m m
Po-15 -0.083 0.033 -0.054 -0.176 -0.265 0.143
Po-5-10 0.084 -0.011 0.475 0.100 -0.001 -0.211
Po-4-3 -0.065 0.066 -0.582 0.337 -0.167 -0.620
Po-5-39 -0.362 0.045 -0.202 -0.149 -0.161 -0.368
Po-5-40 0.012 -0.220 0.309 0.494 -0.032 0.078
Poc-42 -0.056 0.000 0.276 -0.014 -0.180 -0.773
Total -0.205* -0.141* -0.067* -0.022* -0.181* -0.387*
E-SSR De La Ma Me Pi St
Pooc-229 0.018 -0.242 -0.018 -0.017 -0.073 0.764
Pooc-264 m -0.107 m 0.000 -0.010 m
Pooc-330 -0.282 0.529 0.142 -0.176 -0.438 -0.032
Pooc-3 0.000 -0.016 M -0.051 -0.148 m
Pooc-54 -0.316 -0.069 m m m m
Pooc-153 m -0.319 -0.130 m m m
Pooc-333 -0.062 -0.456 -0.182 -0.202 0.156 -0.480
Pooc-125 m -0.378 -0.102 m m -0.067
Pooc-PC045G11 -0.062 -0.157 -0.113 0.126 0.115 -0.124
Pooc-PC044B02 -0.786 -0.722 -0.742 -0.803 -1.000 -0.730
Pooc-214 -0.042 -0.033 -0.102 m m -0.016
Pooc-300 m -0.122 m -0.200 0.135 m
Pooc-PC047G07 -0.840 -1.000 -1.000 -1.000 -1.000 -1.000
Pooc-50 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000
Pooc-361 -0.108 -0.295 0.029 0.111 -0.939 -0.725
Pooc-PC003H09 -0.852 -0.633 -0.315 -0.820 -0.148 -0.231
Total -0.406* -0.392* -0.302* -0.358* -0.377* -0.400’
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Genotypic richness was assessed with the anonymous microsatellites (A-SSRs) 
and EST-linked microsatellites (E-SSRs), separately. Two levels of analysis were 
considered: the overall level (including the entire populations data set) and the 
population level.
Overall, A-SSRs revealed a higher genotypic richness (R) in comparison to E-SSRs 
(Table 3.5). Starting from the initial data set, consisting of 271 multilocus 
genotypes, the A-SSRs successfully discriminated 217 genotypes (R = 0.800) while 
the E-SSRs identified only 182 distinct genotypes (R = 0.670).
Table 3.5. Clonal diversity in the Posidonia oceanica populations studied. G = number of distinct 
multilocus genotypes; N= number of individuals; R (G -l/N l) = genotypic richness. Overall = 
analysis including the entire data set; SD = standard deviation.
A-SSR set E-SSR set
G N R G N R
Overall 217 271 0.800 182 271 0.670
Delimara 39 40 0.974 26 340 0.641
Lacco Ameno 33 53 0.615 32 53 0.596
Marettimo 43 44 0.977 28 44 0.628
Meloria 38 40 0.949 31 40 0.769
Piombino 37 43 0.857 32 43 0.738
Stareso 27 51 0.520 33 51 0.640
Mean 0.815 0.669
SD 0.182 0.063
The analysis of clonal diversity performed at population level with the A-SSRs
(Table 3.5) showed a genotypic richness (R) within populations ranging from 0.520
-108-
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(Stareso) to 0.977 (Marettimo; mean R = 0.815 ± 0.182); E-SSRs showed a lower 
clonal diversity with R values ranging from 0.596 (Lacco Ameno) to 0.769 
(Meloria; mean R = 0.669 ± 0.063; Table 3.5). In particular, A-SSRs markers alone 
seem to have a higher resolution in the discrimination of genetically distinct 
individuals in comparison to E-SSRs, except in Stareso, where the E-SSRs revealed 
higher genotypic richness in comparison to A-SSRs (genotypic richness ESSRs = 
0.640 vs. genotypic richness ASSRs = 0.520; Figure 3.6).
— A-SSR set 
-OE-SSR set
Figure 3.6. Genotypic richness at population level for the A-SSRs and E-SSRs. R = genotypic 
richness.
The discriminating power calculated for each polymorphic microsatellite locus is 
reported in Table 3.6. Overall, 13 A-SSRs and 16 E-SSRs were polymorphic and 
were used in this calculation (see Figure 3.2 for details). The number of patterns 
(or genotypes) identified from A-SSR ranged from 2 (Poc-26) to 70 (Po5-40; mean
0,9 - 
0,8 -  
0,7 - 
0,6 -
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number of patterns = 16.462 ± 21.620) and was higher than E-SSR, ranging from 1 
(Pooc-50 is a polymorphic locus with two alleles always present in heterozygosis) 
to 51 (Pooc-PC045G11; mean number of patterns = 6.375 ± 12.027). Discriminating 
power (D) was higher for A-SSRs (mean D = 0.613 ± 0.318) than for E-SSRs (mean 
D = 0.394 ± 0.296). Conversely, confusion probability values were lower for A-SSR 
(mean C = 0.387 ± 0.318) and higher for E-SSRs (mean C = 0.606 ± 0.296). With 
respect to the discriminating power, microsatellites were ranked in classes from 1 
(most discriminating locus) to 29 (less discriminating locus). Loci do not rank in D- 
classes coherently in accordance to their belonging to the two sets, with e.g., the 
EST-linked locus Pooc-PC045G11 having the highest discriminating power and the 
E-SSR Pooc-50 having the lowest (Table 3.6).
Table 3.6. Overall polymorphism of A-SSRs and E-SSRs. Number of patterns = number of 
genotypes; C = confusion probability; D = discriminating power; PIC = Polymorphic Information 
Content;. D class order in the score of D; PIC dass order in the score of PIC
Number of 
patterns
C D PIC D-Class PIC-dass
A-SSRs
Poc-45 3 0.847 0.153 0.375 24 16
Po-5 11 0.223 0.777 0.570 7 6
Poc-5 3 0.915 0.085 0.050 26 28
Poc- 35 5 0.373 0.627 0.384 14 13
Po-5-49 40 0.073 0.927 0.817 4 4
Poc-tm 4 0.501 0.499 0.397 16 12
Poc-26 2 0.922 0.078 0.039 27 29
Pol5 47 0.048 0.952 0.830 3 3
Po5-10 9 0.255 0.745 0.468 8 10
Po4-3 10 0.217 0.783 0.585 6 5
Po5-39 7 0.285 0.715 0.478 10 9
Po5-40 70 0.037 0.963 0.888 2 1
Poc-42 3 0.340 0.660 0.372 12 18
Mean
SD
16.462
21.620
0.387
0.318
0.613
0.318
0.481
0.265
Number of C D PIC D-Class PIC-dass
patterns
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E-SSRs
Pooc-229 6 0.260 0.740 0.486 9 8
Pooc-264 3 0.850 0.150 0.078 25 17
Pooc-330 3 0.343 0.657 0.369 13 19
Pooc-3 4 0.612 0.388 0.130 17 22
Pooc-54 2 0.813 0.187 0.093 22 26
Pooc-153 2 0.796 0.204 0.102 20 24
Pooc-333 6 0.215 0.785 0.566 5 7
Pooc-125 2 0.757 0.243 0.122 19 23
Pooc- 51 0.036 0.964 0.870 1 2
PC045G11
Pooc- 3 0.819 0.181 0.373 23 17
PC044B02
Pooc-214 2 0.808 0.192 0.096 21 25
Pooc-300 5 0.615 0.385 0.218 18 21
Pooc- 2 0.985 0.015 0.375 28 15
PC047G07
Pooc-50 1 1.000 0.000 0.375 29 14
Pooc-361 7 0.306 0.694 0.467 11 11
Pooc- 3 0.486 0.514 0.363 15 20
PC003H09
Mean 6.375 0.606 0.394 0.318
SD 12.027 0.296 0.296 0.219
To have a qualitative assessment of the markers resolution, the PIC (Polymorphic 
Information Content) value was evaluated (Table 3.6). The PIC value of each SSR 
locus was determined by both the number of alleles and their frequency 
distribution in the complete population set and was used to assess their 
informativeness level. For ASSRs, the average PIC was 0.481 ± 0.265, ranging from 
0.039 (Poc-26) to 0.888 (Po5-40). The E-SSRs showed a mean PIC value of 0.318 ± 
0.219, with values ranging from 0.078 (Pooc-264) to 0.870 (Pooc-PC045G11). In 
conclusion, the informativeness of the EST-SSR markers appeared to be lower 
than A-SSR markers, although, following the criteria of Botstein et al. (1980), both 
sets of loci appeared to be only moderately informative (0.25 < PIC <0.5). With 
respect to the PIC values, microsatellites were ranked in classes from 1 (most 
informative locus) to 29 (less informative locus, Table 3.6). As for the order in D- 
classes, loci are not ranked in PIC-classes coherently in accordance to their
- i l l -
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belonging to the two sets, with e.g., the A-SSR Po5-40 the most informative locus 
and the A-SSR Poc-26 the less informative. The comparison between the two order 
classes (D-class and PIC-class) showed a good correspondence for the first eleven 
loci.
Although the A-SSRs indicated higher discrimination in comparison to E-SSRs, the 
assessment of clonal diversity was also performed with the combined set of 
markers to investigate if the use of the two types of markers together allowed a 
better resolution that one set alone. This analysis, being beyond the scope of this 
study, is reported in the appendix nevertheless it provided important indication 
that the combination of the two classes of marker allowed to identify an efficient 
set of markers to be used in further studies of clonal diversity in P. oceanica (see 
Appendix for more details).
3.4.2-Comparison of anonymous versus EST-SSRs in the assessment o f gene flo w  
and partitioning of genetic variation
F st values for each locus analyzed at overall level are shown in Table 3.1. Average 
F st values across loci are 0.168 ± 0.109 (ranging from 0.016 to 0.414), for A-SSRs F st, 
and 0.124 ± 0.087 (ranging from 0.001 to 0.328), for E-SSRs.
Pairwise estimates among the 6 Posidonia oceanica populations were calculated 
based on the two types of SSR markers (Table 3.7). Pairwise F st estimates from A- 
SSRs were higher (Fst range between population = 0.047-0.202) than the ones from 
E-SSRs (F st  range between populations = 0.032-0.105).
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Table 3 .7 . Population pairwise F st estimates from 1 3  genomic (first value) andl6 EST- (second 
value) between 6 Posidonia oceanica populations
Delimara LaccoAmeno Marettimo Meloria Piombino Stareso
Delimara
0.000
0.000
Lacco Ameno
0.069 0.000
0.059 0.000
Marettimo
0.092 0.060 0.000
0.045 0.032 0.000
Meloria
0.181 0.149 0.106 0.000
0.051 0.048 0.059 0.000
Piombino
0.175 0.122 0.118 0.047 0.000
0.065 0.054 0.057 0.041 0.000
Stareso
0.202 0.171 0.144 0.099 0.110 0.000
0.084 0.084 0.068 0.105 0.075 0.000
Principal Coordinate Analysis (PCoA), performed for genomic and EST-SSRs is 
presented in Figure 3.7. Also PCoA analysis revealed that A-SSRs have an higher 
power in resolution for genetic clustering. Principal coordinate 1 (x axis) and 
principal coordinate 2 (y axis) explain together the 61.71% of the total variation for 
the genomic SSRs and 48.35% for the EST-SSRs. The coordinate 1 for genomic SSRs 
clearly distinguished Meloria, Piombino and Stareso from the Delimara, Lacco 
Ameno and Marettimo samples, according to their geographical location. The 
coordinate 2 also separates Delimara from the other southern populations. The 
plot obtained from EST-SSRs does not give a clear separation among populations, 
not showing a clear genetic separation between southern and northern
-113-
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populations The genomic set clearly better discriminated the 6 population groups 
than the E-SSRs.
(A) A-SSRs
<» Delimara 
f t  Lacco Ameno 
Marettimo 
Meloria r >
<1* Piombino 
O Stareso e,
Figure 3.7. Principal coordinate plots of the distance matrices between individuals from Posidonia 
oceanica populations, calculated using (A) 13 genomic SSRs, axes explain 61.77% (46.53 + 15.18) of 
the total variation; (B) 16 EST-SSRs, axes explain 48.35% (29.39 +18.96) of the total variation.
Cluster analysis with the best partitioning (k) is showed in Figure 3.8 for the two 
microsatellite sets. A-SSRs identify 15 genetic clusters for the individual level 
analysis whereas E-SSRs identified 9 independent clusters. Admixture is low in all 
samples and statistically significant in 3 of the 217 individual multilocus 
genotypes identified with A-SSRs (indicated with asterisks in Figure 3.8).
No significant admixture is revealed by E-SSRs analysis. The most striking pattern 
emerging from the Bayesian approach is the strong pattern of sub-structure within 
populations that is outlined in particular in the analysis with genomic 
microsatellites. This sub-structure of the populations could depend from the
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sampling strategy according to which individuals were collected along a 
bathymetric gradient at two different depths and could reflect a differentiation 
between samples coming from the shallow and the deep sites of the meadow.
K=  15
Figure 3.8. Inferred clusters of individual genotypes using A-SSRs (A) and E-SSRs (B). Shown are 
K-values at which clusters that had significant biological meaning were achieved. For each analysis 
is reported the K- value for which the highest likelihood was obtained. Each vertical bar represents 
one individual multilocus genotype. Individuals with multiple colors have admixed genotypes 
from multiple clusters. Statistically significant admixture for an individual multilocus genotype is 
noted with a red asterisk above. Each color represents the most likely ancestry of the cluster from 
which the genotype or partial genotype was derived. Clusters of individuals are represented by 
colors, populations are separated by black vertical lines and subpopulations (S = shallow 
subpopulation; D = deep subpopulation) are separated by dashed black vertical lines.
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3.5-Discussion
A-SSR microsatellites showed a higher polymorphism than the E-SSR 
microsatellites. A-SSR, showed higher number of alleles in accordance with 
previous studies performed on other species, whereas E-SSRs were less 
polymorphic, likely because of their linkage with coding gene regions (Eujayl et 
al., 2001; Simko et al., 2009; Hu et al., 2011, Vilas et al.,2010, Buonaccorsi et al., 
2012; Song etal., 2012).
In this study, the low diversity in EST-SSRs was associated with low repeat
number and low variance in repeat number as compared to the same measures in
anonymous SSRs. It was not surprising, because it is known that functional
constraints may limit microsatellite repeat expansion in expressed portions of the
genome (Metzgar et al. 2000) and the repeat number is probably the best
characterized factor that affect the mutation rate of microsatellites (Chakraborty et
al. 1997; Ellegren, 2004; Kelkar et al., 2008). It is well established that
microsatellites with a larger number of repeats have higher mutation rate due to
increased probability of slippage (Ellegren, 2004). In addition, other intrinsic
features of a microsatellites such as the repeated motif (andits composition) can
affect its mutation rate. Different levels of genetic variability depending on
microsatellite motif have been reported in some eukaryote genomes, and the
relative mutation rate of dinucleotides versus tri- and hepta-nucleotides is
estimated to be between 1.5 and 2.1 (Anderson et al., 2000; Chakraborty et al.,
1997). This is thought to be due to both the differential mutation rate dining
replication and to a higher rate of recombination and consequent mismatch repair
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(Chakraborty et al., 1997; Li et al., 2002). It was observed that longer microsatellites 
showed a major polymorphism as well as loci with shorter repeat motif had 
higher average repeat numbers (Chakraborty et al., 1997; Ellegren, 2004; Kelkar et 
al., 2008).). In this study, di-nucleotide microsatellites showed an higher number of 
repeats and thus they had higher mutation rate than tri-nucleotides or hepta- 
nucleotides for both A-SSRs and E-SSRs. This observation was in agreement with a 
previous study in Posidonia oceanica in which it has been showed that the relative 
mutation rate of di-nucleotides versus tri-nucleotides was 2.5 to 3 times higher 
(Arnaud-Haond et al., 2005). However in the present study the comparison 
between the two types of markers showed that E-SSRs present a restricted repeat 
array in comparison to that showed for genomic microsatellites for the same 
microsatellites classes.
As consequence of their major number of alleles and higher allele frequencies, A- 
SSRs revealed higher discrimination power (D = 0.613 ± 0.318) than E-SSRs (D 
=0.394 ± 0.294). Although both markers sets showed a moderate informativeness 
level (0.25 < PIC < 0.5), A-SSRs have higher polymorphic information (PIC = 0.481 
± 0.265) than E-SSRs (PIC = 0.318 ± 0.219), Consequently, A-SSRs detected a higher 
clonal diversity in the populations analyzed than E-SSRs.
According to D-classes and PIC-classes until the 11th position, there was an almost 
precise correspondence in the order of microsatellites; 7 A-SSRs di-nucleotides 
(Alberto et al., 2003) and 4 E-SSRs (two di-nucleotides and two-tri-nucleotides) are 
the most discriminating microsatellites. Interestingly, the same 7 A-SSRs di­
nucleotides were identified as the optimal combination of markers to assess 
clonality in Posidonia populations in a previous study (Amaud-Haond et al., 2005).
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Also, it has been showed that the use of di-nucleotides allowed a higher estimate 
of the clonal diversity in comparison to the use of the same number of tri­
nucleotide and hepta-nucleotide microsatellites on the same population (Arnaud- 
Haond et al., 2005).
This relationship between the discrimination power and the repeat motif was 
observed also in this study for A-SSRs, where, following the D-classes, all di­
nucleotides appeared in the higher classes followed by all tri-nucleotides in the 
intermediate positions and by the epta-nucleotide at last position. For the E-SSRs, 
a different pattern emerged because di-nucleotides and tri-nucleotides alternated 
along the D-classes not showing a correspondence between the repeat motif and 
the discrimination power. Probably, functional constraints in the EST sequences 
from where E-SSRs come, affected the microsatellites mutability in a way that is 
independent from the repeat motif.
In general, the comparison between A-SSRs and E-SSRs showed that different 
types of markers lead to different conclusions on the level of genotypic richness. 
Considering the A-SSR set, for example, Marettimo emerged as one of the most 
genetically diverse population, while a different result was obtained with the E- 
SSRs, where Meloria appeared as the population with the highest number of 
distinct individuals.
Although differences are not striking, the results confirm that A-SSR markers are 
more variable than putatively functional markers and consequently are more 
powerful than E-SSRs in the assessment of clonal diversity. However, although the 
A-SSRs detect a higher genotypic variation than the E-SSRs, the combined set of 
markers allowed the best discrimination of the genets than either independent set
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of markers alone (Appendix). Considering all the six populations together, the 
saturation in the discrimination of individuals is reached after 27 loci in the less 
polymorphic population of Lacco Ameno (R = 0.808) while a lower number of 
primers are sufficient for the saturation in more polymorphic populations. For 
example, 4 loci are sufficient to saturate the clonal diversity in Marettimo, 7 loci in 
Delimara and 14 in Meloria. Thus the use of all 27 SSRs could represent a good 
tool to assess accurately the clonality in Posidonia oceanica populations also 
different from those used in this study.
A-SSRs also showed a higher resolution power in the analysis of gene flow and 
population genetic structure. Pair-wise Fst estimates from A-SSRs clearly 
suggested the presence of differentiation that followed a trend related to the 
geographical position of the populations with southern population more 
differentiated from northern population. This pattern was not well revealed with 
the analysis of E-SSRs. The PCoA analysis confirmed that A-SSRs accounted for a 
major percentage of the total variation in comparison to E-SSRs.
In addition, EST-derived SSRs and anonymous SSRs generated very different 
results in estimating the number of distinct populations represented in the total 
pool of individuals genotyped. A-SSRs appeared the most powerful markers 
identifying 15 clusters vs. 9 cluster identified with E-SSRs. At level of single 
populations, it was interesting to note the most of the populations showed a clear 
distinction between samples collected at the two depths. This pattern was better 
highlighted by A-SSRs, except for Stareso, where the distinction between depths 
was revealed by E-SSRs.
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3.6-Conclusions
Population genetic parameters generated by A-SSRs and E-SSRs are very different. 
A lower level of allelic diversity was found in E-SSRs compared with genomic A- 
SSRs. Overall, A-SSRs also had a major discrimination power in assessment of 
clonality in Posidonia oceanica.
For the analysis of population differentiation (F-statistics) the A-SSRs have much 
higher power than E-SSRS and alone are efficient to have reliable estimate of these 
measures. A-SSRs performed better than E-SSR in population cluster analysis in 
comparison with E-SSRs. This is also true at within-population level. On the other 
hand, despite showing lower levels of polymorphisms, the EST-derived SSRs, 
reflecting the genetic diversity inside or adjacent to the genes (Varshney et al., 
2005), have much more potential than genomic SSRs to reveal the functional 
variation between individuals. This characteristics makes the E-SSRs specifically 
used for studying selection processes in fact they may be under selective pressure 
or subject to background selection caused by genetic hitchhiking.
The lower level of diversity detected at these markers in this study could just 
suggest that they may not behave as effective neutral markers and that selection 
could have affected the performance of the microsatellites in this population 
genetic analysis.
In the next chapter, the whole set of markers will be utilized to search for loci 
under selection (outliers) along the bathymetric and latitudinal gradient.
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3.8-Appendix
The performance of the combined set of markers in the assessment of clonal 
diversity was assessed with the aim to identify the most efficient marker set to use 
in future estimates of clonality in P. oceanica. In comparison to the A-SSR set and 
the E-SSR set used separately, the combined set of the two classes of markers 
increased the overall value of genotypic richness in the global set analyzed 
discriminating 251 individuals on 271 multilocus genotypes (R = 0.926, Table 
3.A1). Much higher clonal diversity was revealed using the combined set of 
markers: the levels of diversity ranged from 0.808 (Lacco Ameno) to 1 (Delimara 
and Meloria; mean R across populations = 0.933 ± 0.073) (Table 3.A1 and Figure 
3.A1).
In order to select the best microsatellite combination to saturate genotypic 
diversity, R values obtained adding one locus per time, starting from the one with 
highest D values to the lowest one (see Table 3.6 in the main text), were plotted 
(Figure 3.A2).
R values saturate after 27 loci in the less polymorphic population of Lacco Ameno, 
while it saturate with 4, 7 and 14 loci in Marettimo, Delimara and Meloria, 
respectively. Considering al populations together, saturation is reached after 27 
loci (Figure 3.A2).
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Table 3A1. Clonal diversity in the Posidonia ocecmica populations studied. G = number of distinct 
multilocus genotypes; N= number of individuals; R (G -l/N l) = genotypic richness. Overall = 
analysis including the entire data set; SD = standard deviation. For comparative purpose also the 
separate analysis for the A-SSR and E-SSRs, already reported in the Chapter, is presented.
A-SSR set E-SSR set Combined set
G N R G N R G N R
Overall 217 271 0.800 182 271 0.670 251 271 0.926
Delimara 39 40 0.974 26 340 0.641 40 40 1.000
Lacco Ameno 33 53 0.615 32 53 0.596 43 53 0.808
Marettimo 43 44 0.977 28 44 0.628 43 44 0.977
Meloria 38 40 0.949 31 40 0.769 40 40 1.000
Piombino 37 43 0.857 32 43 0.738 41 43 0.952
Stareso 27 51 0.520 33 51 0.640 44 51 0.860
Mean 0.815 0.669 0.933
SD 0.182 0.063 0.073
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Figure 3.A1. Genotypic richness at population level for the A-SSRs, E-SSRs and the combined set of 
microsatellites. R = genotypic richness.
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Figure 3.AZ Values of genotypic richness (R) per population and overall, obtained adding 
sequentially the SSR loci with most discriminating to the less discriminating power, following the 
D-classes reported in Table 3.7.
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4-Genome scan along depth and latitudinal 
gradients in the seagrass P o s i d o n i a  o c e a n i c a
4.1-Abstract
Natural landscapes are a mixture of biotic and abiotic challenges that result in a 
complex mosaic of spatially-varied selective pressures. These pressures are often 
exacerbated by anthropogenic activities that expose natural populations to novel 
selective pressures and with unusual intensity. Natural populations respond to 
these challenges, including climate change, shifting their occupational 
range,adapting to the changing environment or with local extinction. Resilient 
species like plants are the best candidates to study adaptive responses to severe 
changes in the environment given their sessil habit. Natural plant populations can 
adapt to the changing environment through phenotypic plasticity or genetic 
adaptation. Here, signature of selection underlying adaptive responses of natural 
P. oceanica populations to light and temperature changes was investigated. To 
identify such signatures a genome scan approach comparing populations along 
bathymetric and latitudinal gradients was used. Two putative candidate genes 
involved in the photosynthetic pathway and in the process of translation, and a 
chloroplast intron were identified. These findings allowed us to gain insights into 
the genetic adaptation of P. oceanica to light and temperature changes and will be 
of relevance in the design of conservation plans for this species.
Keywords: light, temperature, global change, local adaptation, selection,
microsatellites, genetic hitch-hiking, outlier loci, Posidonia oceanica, genome scan.
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4.2-Introduction
Species across the globe are experiencing drastic changes in environmental 
conditions as a result of human activities (Hansen, 2012). For seagrasses, the two 
main human impacts are represented by sediment loading and eutrophication that 
have major effects on water clarity, by reducing the light available for 
photosynthesis (Orth et al., 2006, Duarte et al., 2008, Waycott et al., 2009). Threats 
for marine plants are also represented by climate change-related increase in sea 
temperature (Orth et al. 2006). Temperature stress on seagrasses resulted in 
distribution shifts, changes in patterns of sexual reproduction, altered growth 
rates, metabolism, and carbon balance (Short et al., 2001, Short and Neckles, 1999). 
Elevated temperatures may also increase the growth of competitive algae and 
epiphytes, which can overgrow seagrasses and reduce the available light they 
need to survive (Bjbrk et al., 2008). With future global warming, there may be a 1-5 
m rise in the seawater levels by 2100 (Overpeck et al., 2006, Hansen, 2007, 
Rahmstorf, 2007). Rising sea levels may impact seagrass communities due to 
increases in water depths above present meadows (thereby reducing light), 
changing currents and causing erosion and increased turbidity in rivers (Short et 
al., 2001).
The increase in temperature, sediment loading and eutrophication are not the only 
threats for seagrasses. Climate change also increases the intensity (IPCC 2007) and 
frequency (Trenberth, 2005) of tropical storms with consequent increase in 
turbidity that can remain long after the storm subsides, causing shading-out of
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plants. These altered weather patterns may cause more clouds to form, thus 
reducing photosynthetically active radiation (PAR) of visible light and 
representing a stressespecially for those seagrass meadows that already grow close 
to their low-light limit (Bjork et al., 2008). In addition, the increase in oceanic CO2, 
as consequence of the increase in atmospheric CO2 concentration (Harley et al.
2006), affects seagrass photosynthesis and growth. Higher CO2 levels may boost 
the production and biomass of epiphytic algae on seagrass leaves, which may 
adversely impact seagrasses by causing shading (Beer and Koch, 1996).
Thus, although multiple stresses or threats act on the seagrass ecosystems, most of 
them directly or indirectly affect the light availability for photosynthesis. In 
addition to the changes in light, the increase in water temperature has not to be 
underestimated, both representing limiting factors for the growth of seagrasses. 
Light drives photosynthesis and temperature affects both photosynthesis and 
respiration and together with light regulate seagrasses seasonal growth. Light 
availability and temperature affect seagrasses across a range of spatial scales, 
including individual leaf responses, shoot-scale responses and alterations to the 
meadow structure (Olesen et al., 2002).
In the critical scenario of climate change it is important to understand how  
seagrasses respond to fluctuations of these two factors in order to establish 
appropriate measurement of management and conservation. Organisms response 
to global environmental change can be ecological or evolutionary. The former 
includes phenotypic plasticity and dispersal, while the latter involves genetic 
change (Reusch and Wood, 2007). In the context of the evolutionary response to 
global change, it is evident that environmental change at all spatial scales is
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rapidly altering selection regimes for global flora and fauna (Reusch and Wood,
2007). Selective pressures lead local populations to have resident genotypes with 
higher fitness, in respect to local environmental conditions, than genotypes 
originating from different populations (Kawecki and Ebert, 2004). This is the 
process termed local adaptation that results from the balance between gene flow 
and many natural selection factors, including climate (Savolainen et al. 2007; 
Hoffmann and Willi, 2008). Elucidating the genetic basis of local adaptive 
evolution of natural populations by identifying loci under local selection may 
become crucial for understanding population fate and for managing biodiversity 
using the adaptive potential of species.
Posidonia oceanica meadows offer an good opportunity to gain insights into habitat 
dependent selection, since meadows can occur along a wide bathymetric gradient 
(from the surface to 45 m depth, in very clear waters), and at latitudes 
encompassing the whole Mediterranean basin. This implies that the plants living 
at different depths and different latitudes experience different environmental 
conditions, mainly as regards as light and temperature, two limiting factors to the 
growth of this plants. For photosynthesis to occur in seagrasses, light must 
penetrate the water column, enter the canopy of leaf blades, pass through a layer 
of epiphytes on the surface of the leaf and finally enter the leaf epidermis to reach 
the photosynthetic apparatus (Dalla Via et al., 1998). Light is attenuated at each of 
these steps. Also, light intensity rapidly decrease with water depth by which 
plants in deep have to cope with higher attenuation of the light than plants living 
in shallow waters (Ralph et al., 2007). Because of that, seagrasses are particularly 
sensitive to reduction in light availability whereby a small decreases of light can
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cause significant decline in growth and distribution, especially at the deepest edge 
of the meadow where plants are at the limit of their minimum light requirements. 
In addition to the attenuation of the light with the depth, the increase in water 
turbidity resulting from human activities and/or or by indirect effect of climate 
change exacerbates the consequences for the P. oceanica meadows.
The objective of this study is the identification of loci under selection related to 
depth and latitude that reflect changes in light and temperature regimes. This is 
provided by the means of a genome scan employing microsatellites markers. Two 
classes of microsatellite markers were utilized: genomic and EST-linked. Genomic 
markers are not mapped in the genome, while EST-linked microsatellites are 
flanking to a gene of known function (see previous chapters). Hence, EST-linked 
markers represent a very useful means to identify functional genes possibly under 
selection (Vasemagi et al., 2005; Namroud et al., 2008).
Genome scans consist in the screening of genome-wide patterns of DNA 
polymorphisms and in the application of statistical tests to identify loci under 
selection by allowing to distinguish between neutral loci, loci that are not evolving 
directly in response to selection, the dynamics of which are controlled mainly by 
genetic drift and migration, from outlier loci, loci that show behavior or pattern of 
variation that are extremely divergent from the rest of genome (locus-specific 
effects; Luikart et al., 2003, Storz, 2005). Genome scans are based on the concept of 
genetic hitch-hiking, by which if molecular markers are physically linked to 
functionally important genes, the action of selection acting on such genes also 
affects the flanking markers (Maynard and Haigh, 1974). In non-model genetic 
species, with limited or no genome information, genome scans are a promising
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approach to detect local adaptive genetic variation, since it has the advantage of 
not requiring knowledge of genetic divergence in quantitative traits between 
populations. It also does not require a complete knowledge of DNA sequences 
underlying the loci investigated (Storz, 2005).
Actually, the application of the genome scan is a means to have a major 
knowledge about the fitness variation in natural populations and to establish 
causal links between genotype, phenotype, and fitness in natural populations 
(Dalziel et al., 2009). Once selected genes are identified, it is necessary to work up 
through the levels of biological organization to fully understand the consequences 
of genetic variation at these candidate genes. The genetic variation at the selected 
loci, in fact, can affect the function and /or amount of proteins, which may then 
alter protein-protein interactions, influence biochemical pathways and networks 
and eventually modify cellular function, organismal phenotype, whole-organism 
performance capabilities and fitness (Dalziel et al., 2009).
In plants, adaptation to environmental gradients (Bonin et al., 2006; Jump et al., 
2006, Wang et al., 2012) and adaptation to contrasting habitats (Mealor and Hild, 
2006; Oetjen and Reusch, 2007; Oetjen et al., 2009; Namroud et al., 2008, Meyer et 
al., 2009), have been addressed by means of genome scans. All these studies 
reported evidence for divergent selection on at least some marker loci. The 
proportion of adaptive loci, which exhibit differentiation stronger than expected 
given the genome-wide differentiation, was generally found between 2% and 15% 
(Meyer et al., 2009) of the total number of loci utilized. Among other species, a 
genome scan approach has been applied to the seagrass species Zostera marina. 
Oetjen and Reusch (2007) used 25 microsatellites markers to search for signals of
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positive selection between populations living in different habitats and identified 3 
outlier loci. Subsequently, the same authors (Oetjen et al., 2009) performed a 
genome scan increasing the number of microsatellites and introducing SNPs, a 
new type of marker for seagrasses. Starting from 46 markers (6 SNPs, 16 EST- 
microsatellites and 11 anonymous microsatellites) the authors identified 6 outlier 
loci (Oetjen et al., 2009).
Here the hypothesis is that different environmental conditions could act as 
selective forces, leading to local adaptation. Because P. oceanica meadows extend 
along a latitudinal gradient in the Mediterranean sea, our sampling was designed 
to compare not only meadow's stands sampled at different depths but also 
meadows sampled at different latitudes, where temperature and light availability 
can also change significantly.
Hence, we aim to test the following specific hypotheses:
1. The depth-related genetic structure previously observed in Lacco Ameno 
(Migliaccio et al., 2005) has leaded to local adaptation.
2. A small proportion of the loci utilized will be under selection. Since we 
considered two environmental gradients (light and temperature) outlier loci 
should be involved in the photosynthesis or in the response to external 
stimuli.
3. The same outlier loci will be found along the two environmental gradients 
considered (depth and latitude).
We also have to consider that the populations analyzed are sampled in natural
condition and additional factors, different from light and temperature, could
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underly the adaptive variation we analyze and could affect the results of the 
genome scan along the two environmental gradients.
-136-
Chapter 4
4.3-Materials and Methods
4.3.1-Sampling design and DNA extraction
P. oceanica samples were collected along a latitudinal (Figure 4.1) and a 
bathymetric gradient. For each geographic location populations were sampled at 
two different depths (5 m and 25 m), above and below the summer thermocline 
(about 15 m depth). Between twenty and thirty samples, consisting of adult leaves, 
were sampled at each depth, for each of the six localities (N, number of samples = 
40 to 53, shown in Figure 4.1). Leaves were cleaned from epiphytes and stored in 
silica gel prior DNA extraction. Genomic DNA was extracted using the 
NucleoSpin® 96 Plant II kit following manufacturer instructions (Macherey-Nagel, 
see also chapter 2).
Figure 4.1. Geographical position of the 6 Posidonia oceanica populations sampled. Delimara -  Strait 
of Sicily, Malta (35° 51' 28" N; 14° 33' 07" E, N  = 40); Lacco Ameno -  Central Tyrrhenian Sea, Italy 
(40° 45' 52" N; 13° 53' 29" E, N = 53); Marettimo -  Southern Tyrrhenian Sea, Italy (37° 58' 10" N; 12° 
04' 76"E, N = 44); Meloria -  Tyrrhenian Sea, Italy (43° 31' 41" N; 10° 10' 32" E, N  = 40). Piombino -  
North Tyrrhenian Sea, Italy (42° 56' 92"N; 10° 38' 99"E, N = 43); Stareso -Corsica Sea (8° 45'E; 42° 
35' N, N  = 51).
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4-3.2-Ontlier detection: a iteria  and methods
In total, 29 microsatellites were used in this study, including 13 anonymous 
(Procaccini and Waycott, 1998; Alberto et al., 2003) and 16-EST-linked 
microsatellites (see Chapter 2).
In order to identify outlier loci linked to temperature and light gradients, 
(sub)populations from stands located at different depths in the same geographic 
location and populations from different latitudes were compared.
To identify outlier loci, three methods were used: Beaumont and Nichols (1996) 
Fdist approach, implemented in the software LOSITAN (Antao et al., 2008), the 
hierarchical Bayesian method BAYESCAN (Foil and Gaggiotti, 2008) and the 
SchlStterer tests (Schlotterer, 2002a, b; Schlotterer and Dierienger, 2005, Kauer et 
al. 2003).
LOSITAN simulates a null distribution of F st values based on an infinite island 
model of populations. Loci with an F st deviating from neutral expectations are 
considered outlier loci. In this study, the neutral distribution of F st  was simulated 
with 1 ,0 0 0 ,0 0 0  iterations and the two options "neutral mean F st" and "forced 
mean F st" were chosen following Antao et al. (2008).
BAYESCAN directly infers the posterior probability of each locus to be under the
effect of selection by comparing two alternative models, which alternatively
include or exclude the effect of selection (Foil and Gaggiotti, 2008). The resulting
posterior probabilities (p) are used to define posterior odds (PO), that determine if
the model including or excluding selection has the highest likelihood (Foil and
Gaggiotti, 2008). Jeffreys scale (1961) is then used to define the threshold at which
the model is accepted: PO > 3 substantial (logioPO>0.5); PO > 10 strong
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(logioPOl.O); PO > 32 very strong (logioPO>1.5) and PO >100 decisive evidence 
for selection. In the present analysis a threshold of PO >10 (strong) was used for a 
marker to be considered under selection, that corresponds to a posterior 
probability greater than 0.91 for the model accounting for selection. BAYESCAN 
was run with the following settings: 20 pilot runs, length of pilot runs 5000 
resulting in 100,000 iterations, bum-in of 50,000 iterations.
Schlotterer tests (Schlotterer, 2002a, b; Schlotterer and Dierienger, 2005; Kauer et 
al. 2003) are an alternative multilocus outlier tests that uses summary statistics 
other than F st. Using the software Microsatellite analyzer (MSA) ver. 4.05 
(Dieringer and Schlotterer, 2003), the variance in repeat number, heterozygosity 
and 0 values for each locus in each population pairs were calculated. Using 
EXCEL, the standardized measures for the statistics (InRH, InRV and lnR0) were 
estimated. It has been demonstrated that these statistics are approximately 
normally distributed under neutrality (Kauer, et al., 2003) and thus, after 
standardization (mean = 0; SD = 1), 95% of neutral loci are expected to have values 
between -1.96 and 1.96 (99% between -2.58 and 2.58; 99.9% between -3.29 and 
3.29). In the cases when a locus was monomorphic in one of the populations 
utilized in the pair-wise comparison, a single different allele was added to the 
sample in order to avoid heterozygosis, variance in the number of repeat and 0 
value being equal to zero.
Outlier loci were identified based on the following criteria:
-To reduce type I error, only loci that were detected in several pair-wise analysis of 
population comparisons were considered as real outliers. Also, the outlier 
detection based on population differentiation is sensitive to signatures of
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population history (Luikart et al., 2003). One way to deal with these confounding 
factors includes the identifications of population clusters (Holderegger et al.,
2008). The cluster analysis conducted on 12 anonymous microsatellites using 
BAPS ver. 6.0 (Tang et al., 2009) and described in chapter 3, identified 15 
population clusters, corresponding largely to the 6 superficial and deep stands 
sampled in correspondence of each population and excluding the population of 
Meloria that did not show a clear bathymetric structure. In total, six pair-wise 
population comparisons were performed including 5 pair-wise comparisons for 
each population showing a clear bathymetric structure and a global analysis 
contrasting pooled shallow and deep stands (Table 4.1). For the analysis of outlier 
loci along the latitudinal gradient pair-wise comparisons involving the same 
population were excluded. Three population pairs were performed selecting the 
pairs of populations, following the criteria that in each comparison a population 
from the Southern (Figure 4.1 and Table 4.1) and one from the Northern basin 
were contrasted and that each population was compared only once. In addition 
the pooled southern and northern populations were contrasted.
-To decide on the minimum threshold needed to define an outlier as a locus 
potentially under selection, all loci were plotted in a frequency distribution table, 
based on the frequency with which they were detected as outliers in the pair-wise 
population comparisons. Loci falling outside the 90% boundaries of this frequency 
distribution were considered as real outliers and used for further analyses.
-Only loci repeatedly detected across three rims of the same pair-wise population 
comparison were considered for further analysis.
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4.3.3-Population structure and differentiation a t neutral and selected loci
F st values from neutral and selected loci were calculated using the software 
FSTAT ver 2.9.3 (Goudet, 2001).
To assess the component of genetic variance due to habitat differences, an analysis 
of molecular variance (AMOVA) was carried using Arlequin ver. 3.5 (Excoffier et 
al., 2005). The AMOVA was performed separately for the neutral and selected loci 
classified a posteriori according to the outlier tests and three hierarchical levels 
(among groups, among populations within groups and within populations) were 
considered.
To visualize the spatial distribution of the populations a PCoA (Principal 
Coordinate Analysis) with neutral and selected loci was performed using 
GenAlEx ver. 6.5 (Peakall and Smouse, 2006).
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4.4-Results
4.4.1-Ontliers analysis
The genome scan performed along the bathymetric and latitudinal gradient 
generated non overlapping results.
Following the criteria outlined in Material and Methods and contrasting 
populations along the depth gradient no outliers were identified (Table 4.1).
The outlier analysis conducted along the latitudinal gradient and involving 
independent population pairs (see Material and Methods) identified 3 outlier loci 
(highlighted in green in Table 4.1).
A summary of the outliers analysis performed along both gradients with three 
different approaches (LOSITAN, BAYESCAN and Schlotterer tests) is reported in 
the appendix. Along the depth gradient the three outlier tests were not concordant 
in the identification of the same outlier loci (Table 4 A.3). Within a single outlier 
test, even if the same locus was identified in more pair-wise comparisons (i.e. 
three out six comparisons) its distribution frequency was not high enough to 
statistically support its identification as outlier . Conversely, along the latitudinal 
gradient the three outlier tests not only showed a convergence in the identification 
of the same three outlier loci (Poc-tm , Pooc-153 and Pooc-PC045G11, Table 4 A.4) 
but also they identified these loci as outlier in almost all the pair-wise comparisons 
examined (three out four comparisons).
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Table 4.1. Outlier inference along the latitude and depth gradient. 1 = Indicates loci detected as 
outliers in the specific pair-wise comparison. Sha = shallow (sub)population; Dee = 
deep(sub)population; frequency = number of times a outlier locus is detected in a particular 
comparison. For the latitude gradient in green are outlier loci for latitude (>2 comparisons).
Depth gradient Latitude gradient
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4.4.2-Genetic variation a t selected and neutral loci
Genetic variation at neutral loci and loci putatively under selection was analyzed. 
Loci under selection were the outlier loci identified following the criteria listed in 
Material and Methods.
Neutral Pair-wise F st estimates between the shallow and deep site at each 
population are presented in Table 4.2 (highlighted in yellow). All pair-wise F st 
values indicated highly significant (P < 0.001) genetic differentiation related to the 
depth. At population level, F st  values between shallow and deep site ranged from 
0.051 in Meloria to 0.178 in Piombino. In addition, the differentiation existing 
between shallow and deep sites in Delimara, Lacco Ameno, Meloria, Marettimo 
and Stareso was always lower than their differentiation with the shallow and deep 
sites of other populations (Table 4.2). In Piombino, instead, the differentiation 
found between shallow and deep sites was higher than the differentiation with the 
shallow and deep sites in Meloria. Also, the shallow stand in Piombino have a 
lower distance with the shallow and deep sites in Marettimo and Lacco Ameno 
than the distance existing with the Piombino deep stand (Table 4.2).
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F st values calculated with the neutral and selected lod identified along the 
latitudinal gradient are shown in Table 4.3. The (sub)populations shallow and 
deep were analyzed separately.
Neutral F st estimates (Table 4.3) were higher between the Southern Delimara and 
Lacco (shallow and deep) populations versus all the Northern populations as well 
for the Northern Stareso deep population versus all the Southern populations. For 
the remaining populations not always the differentiation versus the populations 
belonging to the different geographic area was higher than that existing between 
populations from the same geographic area.
In comparison to the neutral markers, the F st values calculated with selected 
markers (Table 4.3) clearly resulted in a higher differentiation between all the 
southern and northern deep populations than between populations belonging to 
the same geographic area.
With selected markers, also the Southern shallow populations showed higher 
differentiation versus the Northern shallow populations, than between 
populations belonging to the same geographic area, except Delimara shallow 
population versus Piombino shallow populations.
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The analysis of molecular variance (AMOVA) with neutral and selected loci is 
presented in Table 4.4. The analysis with neutral markers identified along the 
depth gradient was performed considering two groups, the former including all 
the shallow populations and the latter including all the deep populations. The 
AMOVA results indicated no significant variation existing between shallow and 
deep groups of populations. 22 % of total variation was distributed among the 
populations within the groups and 79% within populations. The AMOVA related 
to the latitudinal gradient was conducted with selected and neutral loci by 
defining three different groupings (Table 4.4). Results with neutral markers 
showed in all the groupings a significant variation among southern and northern 
populations. With selected loci, variation between the Southern and Northern 
populations was significantly increased (Table 4.4).
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Table 4.4. Analysis of molecular variance (AMOVA) results with neutral and selected 
microsatellites. For each hierarchical level of analysis (among groups, among populations within 
groups and within populations) the percentage of variation is reported. Significant differences (P < 
0.05) based on permutation tests (1000 permutations) are marked with asterisks (***), NS = not 
significant.
Among Among Within
Neutral loci along the depth gradient
groups populations 
within groups
populations
Group I = shallow populations 
Group II = deep populations
Neutral lod  along the latitude gradient
-1.343NS 22.071*** 79.272***
Group I = southern shallow populations 
Group II = northern shallow populations
4.830*** 15.492*** 79.678***
Group I = southern deep populations 
Group II = northern deep populations
7.324*** 17.261*** 75.414***
Group I = southern shallow and deep 
population
Group II = northern shallow and deep 
population
6.877*** 15.689*** 77.434***
Selected lod  along the latitude gradient
Group I = southern shallow populations 
Group II = northern shallow populations
19.439*** 11.757*** 68.804***
Group I = southern deep population 
Group II = northern deep population
34.749*** 9.907*** 55.344***
Group I = southern shallow and deep 
population
Group II = northern shallow and deep 
population
28.520*** 10.466*** 61.014***
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The spatial distribution of the (sub)populations (Figure 4.2) resulting from neutral 
markers along the depth gradient allowed to visualize the lack of a clear 
separation between the shallow and deep populations, as resulting from AMOVA, 
but more interestingly the coordinate 1 allowed to visualize a separation between 
southern and northern populations. This pattern was also better observed when 
the distribution of the (sub)populations was analyzed with neutral markers along 
the latitudinal gradient and performed separately for the shallow and deep 
populations for a best interpretation (Figure 4.2).
Lastly, the PCoA performed with outlier loci identified along the latitudinal 
gradient (Figure 4.2) showed the clearest separation between the southern and 
northern groups of shallow and deep populations.
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Neutral loci along the depth gradient
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Figure 4.2. Principal coordinate plots calculated with neutral and outlier loci identified along depth 
and latitudinal gradient. The percentage of variation explained by the coordinates is indicated near 
the axes. Sha = shallow (sub)population; Dee = deep (sub)population.
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4.4.3-Candidate genes linked to outlier loci
Candidate genes linked to the outlier loci and putatively involved in adaptive 
response along the latitudinal gradient were identified: Pooc-153 is involved in the 
photosynthetic pathway whereas Pooc-PC045G11 is involved in the process of 
translation (Table 4.5). The outlier locus Poc-fra was linked to the trnL (UAA) 
chloroplast intron.
Table 4.5. Putative function of candidate genes associated with light and temperature. In 
parenthesis are reported KEGG terms.
Microsatellite Microsatellite Gene KEGG
marker ( ID) position pathway
fraL (UAA)
P o c - tm chloroplast
intron
Pooc-153
EST PsbP Photosynthesis
(K02717)
EST eIF-5A Translation
Pooc- (K03263)
PC045G11
- 153-
Chapter 4
4.5-Discussion
4-5.1-Signature of selection along a bathymetric and a latitudinal gradient
The genome scan conducted along the latitudinal and depth gradient did not 
identify the same outlier loci in both analyses. In the genome scan along the 
bathymetric gradient, no signature of selection was identified, probably as 
consequence of the limited number of markers used (29 microsatellites). The 
genome scan performed along the latitude gradient identified 3 outlier loci (10.34 
%).
The inconsistency between the two outlier analyses, that were used as proxy to 
identify signature of selection to temperature and light changes, suggests that the 
signal detected along the latitudinal gradient may be driven by other 
environmental factors than temperature or light alone.
The absence of a signal of genetic adaptation along the bathymetric gradient can 
indicate that either the signature of selection is too weak to be detected with the 
outliers approach or that a different form of adaptation is taking place. The 
significant neutral genetic differentiation among populations at different depths 
suggests limited gene flow between depths that could lead to adaptive genetic 
differentiation, also supported by differences in the ripening and reproduction 
periods (Buia and Mazzella, 1991) as well as differences in gene expression 
(Dattolo et al., 2013; Ruocco et al., 2012) between depths. For example, in Lacco 
Ameno meadow (Ischia, Gulf of Naples) a difference in P. oceanica phenology 
related to the depth was observed with deep plants showed a delay of about two 
months in the life cycle in comparison to shallow plants (Buia and Mazzella, 1991).
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At the same meadow, gene expression results from a SSH library built with 
samples from two depths (-5 m and -25 m) showed that transcripts for protein 
turnover and respiration were more abundant in shallow sites, while transcripts 
for stress defense, transcription and photosynthesis as well as cell components 
were predominant in the deep stand (Procaccini et al., 2010). Results from Real 
Time (qPCR) experiments performed on samples at the two depths showed a 
down-regulation in the deep plants of transcript of the Photosystem I and II as 
well as of proteins involved in photo-protection mechanism (Ruocco et al., 2012). 
Differences in phenology and gene expression suggest that phenotypic plasticity 
may be involved in the response to light and temperature changes. Indeed, it has 
been reported that phenotypic plasticity can be a crucial determinant of plant 
responses, both short- and long-term (Nicotra et al., 2010). In particular, seagrasses 
display an extraordinarily high degree of phenotypic plasticity that allows them to 
rapidly respond to changing environmental conditions (Arellano-MSndez et al., 
2011). The temperature effects on gene expression have been analyzed in 
populations of the seagrass Zostera marina distributed along a thermal dine 
(southern and northern populations) as function of their long-term adaptation to 
heat stress (Franssen et al., 2011). Two salient findings emerged from this work. 
First, during the heat wave both the northern and southern population showed a 
similar gene expression characterized by an up-regulation of genes associated 
with the response to heat (mainly heat shock proteins). Second, shortly thereafter 
the heat stress (stress recovery) the two populations showed a strong divergence 
in gene expression. In fact, transcriptomics patterns in southern genotypes 
returned to control values immediately but genotypes from the northern site failed
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to recover and revealed the induction of genes involved in protein degradation, 
probably reflecting the need to remove from the cell the proteins irreversibly 
damaged. In conclusion, because the responses to heat-stress were surprisingly 
similar among genotypes from two locations with widely diverging thermal 
conditions, the transcriptomic patterns during recovery (transcriptomic resilience) 
may be a better predictor as to how populations across latitudinal clines are 
adapted to thermal stress.
The segrasses plasticity to light is a hierarchical process, involving response 
occurring in leaves, individual shoots and meadow structure (Dalla Via et al., 
1998; Dennison, 1987; Longstaff and Dennison, 1999; Olesen et al., 2002). 
Morphological plasticity at the shoot-scale is a fundamental process that can 
maximize exposure of the photosynthetic apparatus to light, whilst minimizing 
respiratory demands. Such morphological adjustments enable the meadow to 
persist at lower light levels, up to a threshold (Collier et al., 2007). Among the 
morphological features of seagrasses known to adjust to light availability are 
canopy height (Bulthius, 1983; West, 1990), leaf width (Lee and Dunton, 1997) and 
leaf density (Ruiz and Romero, 2001). In particular, under low light conditions in 
P. oceanica it has been observed an increase in the leaf width (Dalla Via et al., 1998). 
In addition, physiological plasticity has the capacity to prolong seagrass survival 
under reduced light conditions. It has been shown that at low light seagrass 
performance is enhanced through a range of acclimative responses (Backman and 
Barilotti, 1976; Dennison and Alberte, 1986; West, 1990, Olesen and Sand-Jensen, 
1993; Abal et al., 1994; Philippart, 1995) leading to altered resource allocation 
patterns that tend to maximize the efficiency of light harvesting and its conversion
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into chemical energy while reducing respiratory costs (Bjbrkman, 1981). The 
response to light has been well studied in Halophila stipulacea, the dominant 
seagrass in the Gulf of Aqaba (northern Red Sea) where it grows from the 
intertidal to depths exceeding 50 m (Sharon et al., 2009). This species is a highly 
plastic seagrass that can acclimate to various light environments quickly. This 
characteristics was shown for H. stipulacea plants grown under high-light 
conditions, where chloroplast movements were suggested as a means to both 
capture photons under diurnal low-light periods (when chloroplasts are 
dispersed) and apparently protect the leaves from photodamage during midday 
(by clumping the chloroplasts, Sharon and Beer, 2008). The acclimation of this 
plant to various irradiance along the bathymetric gradient occurred by means of 
fast changes in the photosynthetic response and light absorption characteristics, 
which may partly explain its abundance across a wide range of irradiance along 
the depth gradient that it occupies (Sharon et al., 2009). In addition to the 
differences in photosynthetic responses at different irradiances, H. stipulacea has 
been reported to feature various leaf morphologies with depth (e.g. longer and 
wider leaves in deeper water, Lipkin 1979). However, in this case it was not 
verified whether those changes could be due to acclimation processes or were 
outcome of longer-term adaptation (Sharon et al., 2009). The study of depth- 
acclimation in P. oceanica and Cymodocea nodosa (Olesen et al. 2002) showed that 
seagrasses can acclimate and respond differently to changing light conditions. 
Only C. nodosa, being a potentially faster growing species compared to P. oceanica, 
adjusted its physiology by reducing photosynthetic light requirements with depth, 
while both species acclimated mainly at the meadow structure level by reducing
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shoot density with the depth. This adjustment should reduce respiratory load and 
self-shading, enabling greater light penetration through the canopy and is 
therefore considered a meadow-scale adjustment. When shoot density declines, 
considerably more light penetrates through the canopy so that the lower sections 
of leaves growing in deeper water may receive comparable light levels to plants at 
shallower depths (Dalla Via et al., 1998). The lower morphological and 
physiological plasticity in response to shading of P. oceanica, in comparison to C. 
nodosa, could be explained by the evidence that the two species differ in module 
size and growth dynamics. P. oceanica, in accordance with their slow growth rates 
of modules and high shoot longevity (Duarte, 1991) is expected to respond more 
slowly to environmental perturbation, and thus less plastic, compared to C. nodosa. 
The response to light in Posidonia oceanica has also been investigated with 
proteomic approaches (Mazzuca et al., 2009; Serra and Mazzuca, 2011). Posidonia 
meadows acclimated to different light conditions revealed that physiological 
pathways involved in the acclimation of seagrasses to low light were 
photosynthetic carbon assimilation, as well as the ubiquitin-dependent proteolysis 
via proteasomes. In low-light acclimated leaves it was observed a down-regulation 
of RuBisCo, which is the key regulatory enzyme in the "light-independent 
reactions" of photosynthesis (Touchette and Burkholder, 2000) and an up- 
regulation of components of the ubiquitin/mediated proteolysis pathway. 
Enzymes involved in carbohydrate cleavage were instead up-regulated in low- 
light conditions, suggesting an increase in the activities to accommodate the 
demand for metabolic energy during lowlight conditions in leaf tissues. 
Interestingly, reduced leaf elongation was also observed in aquarium plants
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exposed to shading in this study (Mazzuca et al., 2009). In P. oceanica meadows, 
corresponding evidence between RuBisCo down-regulation, and decreased leaf 
length and shoot density were reported (Acunto et al., 2006). Mazzuca et al. (2009) 
showed that reduction in leaf growth may be related to the down-regulation of 
RuBisCo, both in plants acclimated to chronic low-light and in plants exposed to a 
short periods of shading. In low-light acclimatized chloroplasts, the chla/chlb 
ratio increases, which is related to the PSII enrichment towards PSI complex 
(Larkum et al., 2006; Mazzuca et al., 2009). Electron microscopy studies also 
revealed substantial changes in the stroma lamellae/grana ratios in chloroplasts 
receiving lowlight, possibly as a mechanism for re-establishing optimal PSI/PSII 
ratios (Mazzuca et al., 2009).
Adult leaves of P. oceanica after two months of artificial shading in aquaria 
revealed a down-regulation of two chloroplastic carbonic anydrase (CA) in respect 
to high-light conditions (Serra and Mazzuca, 2011). Seagrasses are, in effect, shade- 
adapted and they modulate their efficiency in light harvesting by the ability to 
vary their photosynthetic apparatus to optimize the use of available light (Larkum 
et al., 2006, ). By expressing low levels of choloroplastic CAs, they regulate the 
uptake of inorganic carbon, thus reaching a new state of carbon assimilation. The 
authors assumed that the depression of rubisco levels and CA down regulation are 
related to the maintenance of oprimal PSII/PSI ratios, allowing P. oceanica leaves 
to maximize daily carbon gains under low light conditions (Serra and Mazzuca, 
2011).
Recently, physiological acclimation in Posidonia oceanica plants along a bathymetric 
gradient has been analyzed by combining transcriptomic and proteomic analyses
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(Dattolo et al., 2013, in press). Transcriptional and proteomic profiles showed high 
differentiation on Chlorophyll a-b binding (Cab) proteins between the two depths. 
The relative quantity of transcripts and proteins recognized in this study also 
suggests an increase in PSII and PSI transcripts in deep plants in respect to the 
shallow ones (especially as regards as PSI). In relation to respiration, an overall 
increase of related transcripts and proteins was recorded in shallow plants, 
probably related to the higher temperature present compared with the deeper 
portion of the meadow plants. Glycolysis and electron transport chain steps were 
strongly enhanced in high light, while the TCA cycle (tricarboxylic acid cycle) was 
higher in low light. Several transcripts encoding for proteins associated with stress 
response and plant defense were detected in low-light. Amongst these, 
metallothionein-like protein, catalase and oxygen-evolving enhancer proteins and 
also the cytochromes P450 family. For what concern the protein turnover, E3 
ubiquitin-protein ligase, a U-box and RING-box protein and the SCF-E3, F-Box 
protein appeared to be more expressed in high-light condition in comparison with 
low-light (Dattolo et al., 2013, in press).
Although past research on seagrasses suggest that plasticity may be underlying 
adaptive responses to light and temperature regimes along a bathymetric gradient, 
in the present study the inability to identify a clear signature of genetic adaptation 
to these stressors may be also explained by the limited resolution of our analysis 
due to the small number of markers used in the genome scan analysis. Genome- 
wide analysis involving a larger number of markers will help solve this issues.
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4.5.2-Candidate gene underlying adaptive response to light and temperature 
adaptation
The percentage of outlier loci detected in the genome scan along the latitudinal 
gradient was in line with the information reported in literature. From the genome 
scan along the latitude gradient, one locus derived from a genomic library (8%) 
while two loci (12.5%) were linked to EST sequences. In literature, 12-21% of gene- 
linked markers were detected as under selection in genomic scans in oak species 
and Atlantic salmon (Scotti-Saintagne et al. 2004; Vasemagi et al. 2005), while 0- 
9% of anonymous loci showed signature of selection in whitefish, oak, salmon and 
snails (Wilding et al. 2001; Campbell and Bernatchez 2004; Scotti-Saintagne et al. 
2004; Vasemagi et al. 2005). It is already expected that for EST-linked markers 
more signals of diverging selection can be detected than for genomic markers, 
because for the latter marker type, chances are higher that markers can reside in 
intronic and intergenic regions physically distant from a functionally important 
gene, thus missing the hitch-hiking signal.
Among the candidate genes putatively underlying adaptive response to light and 
temperature, one gene was involved in the photosynthetic pathway, and one in 
the process of translation.
The first candidate gene identified, PsbP, is associated with the oxygen-evolving
enhancer protein 2, a component of the photosystem II (PSII). This protein is part
of the oxygen evolving complex (OEC or water splitting complex) involved in the
photo-oxidation of water during the light reactions of photosynthesis. PsbP is
required for PSII to be fully operational in vivo because it increases the affinity of
the water oxidation site for chloride ions and provides the conditions required for
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high affinity binding of calcium ions (Kochhar et al., 1996). Recent RNAi 
experiments in Arabidopsis thaliana have shown that this lumen protein is both 
essential and quantitatively related to PSII efficiency and stability (Ishihara et al., 
2005; Ifuku et al., 2005). The identification of a component of photosystem II, and 
in particular a member of the OEC, makes much sense as gene underlying 
response to light changes, as the exposure of photosynthetic organisms to strong 
light results in inhibition of the activity of PSII (Powles, 1984; Pr&sil et al., 1992; 
Aro et al. 1993; Andersson and Aro, 2001). This phenomenon, referred to as 
photoinhibition, is overcome through the rapid and efficient repair of PSII (Pr&sil 
et al., 1992; Aro et al. 1993; Andersson and Aro, 2001),
In addition, it has been shown that the activity of PSII declines under unfavorable 
or stressful environmental conditions also presented by high salt concentration, 
(Sharma and Hall, 1991; Hertwig et al., 1992), low and moderate temperatures 
(Oquist and Huner 1991; Oquist et al., 1993; Berry, J. and Bjorkman, 1980) and CO2 
limitation (Sicher, 1984; Miller, 1989). Differently from the light that acts directly 
on the OEC, these latter factors act primarily by inhibiting the repair of PSII by 
suppressing the synthesis of proteins de novo required for the repair of PSII 
(Murata et al., 2007). Ishihara et al. (2005), showed that in N. tabacum PSII activity 
was linearly correlated with the total amounts of PsbP expressed and suggested 
that PsbP over-expression could improve electron flow through PSII (Ishihara et 
al., 2005; Ifuku et al., 2005). In particular, it has been shown that under biotic and 
abiotic stresses in various plant species the amount of PsbP changes: the 
expression of PsbP was regulated by environmental stimuli such as salt, drought 
and virus infection in rice (Abbasi and Komatsu, 2004) and Nicotiana benthamiana
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(P6rez-Bueno et al., 2004). In N. tabacum, differential regulation of the expression of 
PsbP has been reported during the progression of viral infection (Takahashi et al., 
1991; Takahashi and Ehara, 1992). The differential accumulation of PsbP has also 
been shown also as adaptive response to high-salt concentration in cultured 
tobacco cells (Murota et al., 1994; Sato et al., 1995). Interestingly, EST encoding for 
PsbP are over-represented in wheat plants exposed to cold stress (Houde et al., 
2006)
It is possible that the action of selection on this component of the photosystem II in 
P. oceanica allows the plant to respond to changes in light and temperature that 
could directly or indirectly damage the photosystem II. By maintaining a flexible 
modulation of PSII activity the plants could improve the electron flow through 
PSII and prevent its decline.
The second candidate gene identified in this study, eIF-5A-l, is associated to an 
eukaryotic translation initiation factor 5A-1. Plant eIF5A proteins are highly 
conserved and are involved in multiple biological processes, including gene 
regulation, translation elongation, mRNA turnover and decay, cell proliferation, 
leaf and root growth, seed yield, leaf, flower and fruit senescence and 
programmed cell death (Wang et al., 2003; Ma et al., 2010a; Xu et al., 2011). Ma et 
al. (2010a) showed that eIF5A plays roles in supporting plant growth and in 
regulating responses to sub-lethal osmotic and nutrient stress (Ma et al., 2010b). 
Valentini et al. (2002) showed that eIF5A is involved in the WSC/PKC1 signaling 
pathway that controls cell wall integrity or related processes, and plays a role in 
cell wall formation (Valentini et al., 2002). Hopkins et al. reported that eIF5A plays 
a vital role in signal transduction pathways involved in pathogen-induced cell
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death and in the development of plant disease symptoms. Interestingly, plant 
eIF5A genes are also involved in abiotic stress responses (Hopkins et al., 2008). In 
Rosa chinensis the gene that encodes an eIF5A (ReelF5A) is up-regulated under 
high temperature, and oxidative and osmotic stress conditions (Xu et al., 2011). 
Over-expression of RceIF5A in transgenic Arabidopsis resulted in plants exhibiting 
strong resistance to high temperature stress. In addition, superoxide dismutase 
(SOD) activity was more enhanced in RcelF5A overexpressing plants after 
oxidative stress, which demonstrates that ReelF5A over-expression enhanced 
oxidative stress resistance by regulating antioxidant enzyme activities, and 
suggests that the accumulation of RceW5A in vivo might increase SOD activity by 
participating in recruitment or translation of mRNAs from genes responsible for 
the SOD synthesis pathway. RT-PCR analysis revealed that there is also a 
connection between RceIF5A and the expression of two other antioxidant enzyme 
genes (catalase and gluthatione peroxidase) in transgenic Arabidopsis. This strongly 
supported that RceIF5A plays such an important role in heat/oxidative stress 
responding pathway and participates in the antioxidant enzyme synthesis 
pathway. The proline content of plants under osmotic stress was also calculated 
and the result indicated that RcelFSA over-expression enhanced osmotic stress 
resistance by affecting the proline synthesis pathway (Xu et al., 2011). Chou et al. 
2004 reported that salt and heavy metal stress induce the expression of rice eIF5A 
genes, OseIF5A-l and OseIF5A-2, suggesting that these genes are involved in stress 
tolerance (Chou et al., 2004). Wang et al. (2012) suggested that eIF5A may play an 
important role in plant adaptation to changing environmental conditions. In 
Tamarix androssowii, TaeIF5A1 may mediate abiotic stress tolerance by increasing
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protein synthesis, enhancing RQS scavenging by improving SOD and peroxidase 
(POD) activities, and preventing chlorophyll loss and membrane damage. These 
results suggested that eIF5A is involved in eliciting a stress response mechanism 
that may play a common role in plant tolerance to salt, heat, oxidative, osmotic 
and heavy metal stresses (Wang et al., 2012). The identification of this gene as 
outlier locus in P. oceanica suggests that its role in the response to temperature and 
light changes may be critical to activate the translation of protective molecules 
against the oxidative stress and ensure the survival under adverse environmental 
conditions.
The microsatellite Poc-tm  identified as outlier locus was linked to a non coding 
region, the intron internal to the tRNA leucine gene (tmL). This intron is peculiar 
in being the only Group I intron in the chloroplast DNA (Taberlet et al., 2007), a 
class of ribozymes that catalyze their own excision (self-splicing) from the flanking 
exons ribozyme (Nielsen and Johansen, 2009). Evidence is lacking on in vivo 
function and biological role despite the fact that this intron is highly abundant in 
nature. The identification of this intron as locus under selection could suggest a 
putative biological role in relation to light and temperature changes, possibly 
through its ribozyme functionality that may regulate tRNA activity as well as 
protein-coding gene expression.
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4.6-Conclusions
This study was a first step towards the identification of candidate genes 
underlying adaptive responses to light and temperature regimes in the seagrass 
Posidonia oceanica. Along the depth gradient, no loci were detected as outliers 
probably due to technical limitation related to the low number of loci used. 
Alternatively, phenotypic plasticity appears to be playing a stronger role than 
genetic adaptation in response to these environmental changes. Along the depth 
gradient, 3 loci were identified to be under selection. The fact that these loci were 
identified only along a latitudinal gradient may suggest that the detected 
signature of selection underlies adaptation to other environmental challenges than 
temperature and/or light alone. Further studies will help elucidating the relative 
role of genetic adaptation and phenotypic plasticity in this keystone species.
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4.8-Appendix
Summary of outlier analysis performed along the bathymetric and latitudinal gradient
Following are reported the visualization of the polymorphic loci involved in the pair-wise 
comparisons (Figure 4.A1) and examples of the outputs from the tree outlier tests adopted (Plot 
4.A1, Plot 4.A2,Plot 4.A3, Table 4.A1, Table 4.A2). The table 4.A3 and 4.A4 summarize the overall 
results obtained from the outlier tests that have been used for the calculation of outliers frequency 
distribution reported in Figure 4. A2.
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Figure 4.A1. Visual representation of the screening for microsatellites polymorphism in the 6 
populations and at the shallow and deep site of each population. Full circles = polymorphic loci; 
empty circle = monomorphic loci; nP = number of polymorphic loci; %P = percentage of 
polymorphic loci; S = shallow site; D = deep site. A-SSR = set of anonymous microsatellites; E-SSR 
= set of EST-linked microsatellites.
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Plot 4.A1. Outlier detection with LOSITAN in 6 pair-wise-comparisons along the bathymetric 
gradient. Distribution of empirical F s t  values is shown as function of expected heterozygosity. For 
each comparison the result of one of the three runs at 99% Cl is reported. Each dot indicates a 
microsatellite marker. The gray shaded area represents the simulated neutral distribution, whereas 
loci falling in the red and yellow shaded area are candidates for selection.
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Plot 4A2. Outlier detection with LOSITAN in 10 pair-wise-comparisons along the latitudinal 
gradient. One of the three runs is showed for each comparisons. Distribution of empirical F s t  
values is shown as function of expected heterozygosity. For each comparison the result of three 
runs at 99% Q  is reported. Each dot indicates a microsatellite marker. The gray shaded area 
represents the simulated neutral distribution, whereas loci falling in the red and yellow shaded 
area are candidates for selection.
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Figure 4.A2. Outliers frequency distribution from the genome scan along the bathymetric (upper 
panel) and latitudinal gradient (lower panel). The frequency (%) of classes of outliers were detected 
on the basis of the number of comparisons in which they were present.
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Transcriptome sequencing and analysis of 
Posidonia oceanica. Insights into 
environmental adaptation.
5.1-Abstract
The development of massively parallel sequencing technologies enables the 
sequencing of total cDNA (RNA-Seq) to derive accurate measure of individual 
gene expression. Here, the first use of RNA-Seq in Posidonia oceanica is reported. 
The goals of the analysis were to increase genomic resources in this species and to 
gain insight into the wide range of transcriptional responses in plants that were 
collected at two times dining the day and at two different depths and were 
associated with different conditions of light and temperatures, two key 
environmental factors that govern plant growth and development. More than 207 
million sequencing reads were generated using Illumina paired-end sequencing 
technology. In total, 53001 contigs were obtained. Of these, 18485 (34.8%) were 
successfully annotated. Gene Ontology (GO) terms enrichment analysis 
highlighted the capability of plants collected at shallow depth to cope with 
environmental stresses imposed by high light and high temperature by a 
transcriptional remodeling aimed to trigger signaling cascades to ensure their 
survival. A shift was revealed in relation to the time of the day to initiate the cell 
cycle, with shallow plants more active in cell cycling dining the day and deep 
plants at night.
Keywords: de novo transcriptome; light; temperature; depth; enrichment analysis.
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5.2~Introduction
Plant growth and development respond tightly to the surrounding environment. 
This is achieved through the complex integration of multiple environmental 
stimuli, of which light and temperature are arguably the most important. Light 
signals provide plants with spatial, temporal and seasonal information (Franklin 
and Whitelam, 2003). Plants measure the quantity, quality, direction and 
photoperiod of light and use this information to regulate multiple developmental 
processes throughout their life-cycle (Whitelam and Halliday, 2007). Light, 
additionally, provides entrainment signals to the circadian clock, ensuring 
coordination of growth with light/dark cycles and ultimately enhancing plant 
fitness (Dodd et al., 2005). Temperature is an important seasonal cue which 
enables plants to predict and consequently prevent the adverse effects of 
environmental change. Light and temperature regulate similar developmental 
processes throughout the life-cycle of plants due to complex crosstalk between 
signaling pathways, which optimize plant development in natural environments 
(Franklin, 2009). For this reason it is not always possible to separate the influence 
of one factor from the other but the effects have to be analyzed synergistically.
This is true also for marine plants. Seagrass growth, in fact, depends on the 
quantity and quality of light available for photosynthesis (Zieman and Wetzel, 
1980). Reduction of underwater light often results in a large-scale seagrass die-off 
(Short and Wyllie-Echeverria, 1996). Underwater light intensity is attenuated 
exponentially with water depth, and seagrasses grow along the bathymetric
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gradient, from the intertidal zone to depths at which plants receive minimum 
irradiance (Lee et al., 2007). Minimum light requirements for these plants are 
much higher (2-37% surface irradiance, SI) than those of macroalgae and 
phytoplankton (1-3%, SI; Strickland, 1958; Luning and Dring, 1979; Sand-Jensen, 
1988; Duarte, 1991; Markager and Sand-Jensen, 1992; Dennison et al., 1993). 
Seagrasses can enhance light harvesting efficiencies through photo-acclimation 
during low light conditions (West, 1990; Olesen and Sand- Jensen, 1993; Olesen et 
al., 2002). Plants collected near their maximum depth limits have higher 
photosynthetic efficiencies (a) and lower light requirements for saturate 
photosynthesis than plants growing in shallower waters (Masini and Manning, 
1997). Lower compensation irradiance (Ic) and greater photosynthetic efficiencies 
have also been observed in seagrasses inhabiting inner harbors, where light 
availability is reduced through high turbidities, in comparison to less turbid outer 
harbor stations (Ruiz and Romero, 2003).
Growth rates and photosynthesis in seagrasses change across seasons and depths, 
due to the interaction between light and temperature. Many species exhibit clear 
seasonal trends, with photosynthetic parameters that increase during the warmer 
months (Dennison, 1987; Herzka and Dunton, 1997; Alcoverro et al., 1998), and 
with growth rate increasing during spring and summer and decreasing growth 
during fall and winter (Orth and Moore, 1986; Vermaat et al., 1987; Macauley et 
al., 1988; Dunton, 1990; Thom, 1990; Lee and Dunton, 1996). Since the effects of 
irradiance and temperature are difficult to disentangle, based on studies involving 
water temperature with seasonal growth patterns numerous researchers consider 
temperature a primary factor controlling seasonal growth (Setchell, 1929; Tutin,
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1942; Phillips et al., 1983; Bulthuis, 1987; Lee and Dunton, 1996). Both respiration 
and photosynthesis increase with increasing water temperatures, but respiration 
usually increases more than photosynthesis at progressively higher temperatures, 
thus leading to a reduction in net photosynthesis (Bulthuis, 1983; Dennison, 1987; 
Marsh et al., 1986; Perez and Romero, 1992; Herzka and Dunton, 1997; Masini and 
Manning, 1997). From the available data, the optimum temperatures for both 
growth and photosynthesis are variable with seagrass species, but the optimum 
temperatures for growth were usually lower than those for photosynthesis, and 
for P. oceanica optimum growth is reported at 15.5 ± 2.5°C (Lee et al 2007). 
Photosynthetic parameters, such as light-saturated photosynthetic rate (Pmax), 
saturation irradiance for photosynthesis (Ik), compensation irradiance (Ic) and 
respiration rates usually increase with increasing water temperatures (Bulthuis, 
1983; Dennison, 1987; Marsh et al., 1986; P£rez and Romero, 1992; Herzka and 
Dunton, 1997; Masini and Manning, 1997; Moore et al., 1997), although the 
optimum temperature for photosynthesis can vary with underwater irradiance 
(Bulthuis, 1987). Seagrasses growing in low light conditions have lower optimum 
temperatures for photosynthesis than plants in high light conditions. Plants at 
higher temperatures likely need more light to maintain positive carbon balance 
than those at lower temperatures. Thus photosynthetic production in seagrasses is 
more susceptible to high water temperatures at reduced light conditions (Lee et 
al., 2007). Consequently, reductions in underwater light may be more harmful to 
seagrasses during summer rather than in winter (Hillman et al., 1989).
In general, the role of temperature on seagrass growth is considerably more 
complicated than its effect on photosynthesis. The optimal temperature for
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seagrasses results from the effect of temperature on nutrient availability and 
uptake, leaf senescence, nutrient partitioning within the plants, and respiration 
(Marsh et al., 1986; Bulthuis, 1987; Herzka and Dunton, 1997).
Because seagrasses have a sessile lifestyle and cannot easily disperse from a given 
locality, they must constantly adapt their development, growth and architecture to 
survive an every changing environment. The remodeling of the transcriptome by 
appropriate changes in gene expression is a way that plants use to respond and 
adapt to environmental stimuli. The activation of cascades of molecular networks 
involved in stimuli perception, signal transduction and the expression of specific 
genes and metabolites allow plants to mediate the response to the stimulus (Dos 
Reis et al., 2012). Gene expression studies are proving valuable in examining 
plastic and adaptive response to global climatic changes as showed in Zostera 
marina with respect to temperature stress (Franssen et al. 2011) and in Posidonia 
oceanica with respect to depth and light availability (Procaccini et al. 2010).
In Posidonia oceanica, a first step towards the comprehension of the environmental 
adaptation to light and temperature at molecular level have been provided by a 
single EST library constructed by pooling RNAs from plants living at different 
depths. A total of 5185 raw sequences were obtained and assembled in 1219 
tentative unigenes, which have been annotated and are now available in the 
seagrass sequence database Dr. Zompo (Wissler et al., 2009). In addition, the 
construction of a SSH (Suppression Subtractive Hybridization) cDNA library, 
using samples collected at two different depths (-5m and -25m) from a continuous 
meadow (Procaccini et al., 2010; Dattolo et al., 2013 in press), showed that different 
light and temperature regimes leaded to important changes in plant gene
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expression profiles. Out of 486 contigs produced from the SSH library, only 28 
(5.86%) were common to both shallow and deep libraries. The highest differences 
between the two depths were in primary metabolism, photosynthesis and stress 
defense genes. In addition, this study generated 850 TUGs (Tentative Unigenes) 
that were also included in the Dr. Zompo database (Dattolo et al., 2013 in press). 
The existing EST libraries provided the starting point for further studies aimed to 
investigate specific processes that can be involved in the response to light and 
temperature. For example, gene expression analysis of genes involved in different 
phases of the photosynthetic process, carried out by real time PCR, showed overall 
an up-regulation in high light, during the whole daily cycle (Ruocco et al., 2012). 
Nevertheless, the complete understanding of the role of environmental stress and 
the intrinsic capacity of seagrasses to respond to climate change requires an 
integrative and interdisciplinary research. Currently, seagrass research 
community aims to integrate the fields of seagrass ecophysiology and 
ecogenomics in order to address questions related to anthropogenic disturbances 
that alter light, temperature and pH, thereby affecting primary production as well 
as permanent stress (selection) regimes that may exceed the capacity of seagrass to 
respond (and eventually adapt) while still providing ecological services 
(Procaccini et al., 2012). For example transcriptomic approaches may be paralleled 
by a proteomic one to bring genetic and physiological processes closer together, as 
in the case of P. oceanica for protein analysis under chronic low light conditions 
(Mazzuca et al. 2009).
Information on the transcriptome of this species is still scarce, with a total of 2069 
genes annotated and available in the Dr. Zompo database (Wissler et al., 2009).
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Next generation RNA sequencing (NGS, RNA-Seq) technologies, are recently 
become methods of choice for gene expression analysis due to their 
unprecedented level of sensitivity and high-throughput nature (Jain, 2012). RNA- 
seq has also been shown to be a very efficient, cost-effective approach for 
transcriptome analysis of non-model species. In fact, also in absence of the 
genome, RNA-seq allows construction of complete transcriptome of an organism 
by de novo assembly (Martin and Wang, 2011). Since variation in the external 
environment can alter the transcriptome of a cell, transcriptome studies can also 
provide a snapshot of the organism's response, based on the genes that are 
expressed in conditions and times of interest. Although there is not always a linear 
relationship between the expressed genes and the proteins synthesized, such 
studies give us a reasonable insight into the state of the cell allowing to identify 
which are the main pathways involved in the response to the plants at different 
conditions of light and temperature.
In this study, a complete transcriptome sequencing of Posidonia oceanica plants 
living at two different depths and in different times of the day was performed 
applying an Illumina© massive parallel sequencing technology. Since different 
samples collected in different times and conditions were utilized for the study, our 
analysis also allowed for a comparison among genes and pathways involved in 
plant metabolism in different light and temperature conditions.
The objectives of this study were to increase the genomic resources for P. oceanica 
and to explore the transcriptomic response to different conditions of light and 
temperature. Infact, regulatory changes in the gene expression, in addition to 
structural changes in genes, are known to be involved in the adaptation to
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environmental changes. This is particularly true for plants that, being sessile 
organisms, have to provide a rapid response to environmental changes that is 
typically mediated at gene expression level. Evidence for a regulation in gene 
expression at light and temperature changes was already provided in P. oceanica, 
as stated above, from real time experiments and from the construction SSH library. 
Thus, here we expected to find different expression profiles between plants 
experiencing different conditions of light and temperature and also we expected to 
provide a more deep view of the processes involved..
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5.3-Materials and Methods
5.3.1-Sampling design and RNA extraction
Posidonia oceanica shoots were collected in October 2012 from a meadow located in 
front of the Station de Recherches Sous-marine et Oc6anographiques (STARESO; 
Corse, 8°45/E, 42°35'N, Figure 5.1). Sampling was performed at two different 
depths, -5 m (shallow station) and -20 m (deep station) and at two different times 
of the day (12:00 and 18:00). Photosynthetic Active Radiation (PAR expressed in 
pM /m2/sec) at the sampling time was 270 and 31 at -5 m (12:00 and 18:00, 
respectively), 86 and 5.39 at -20 m (12:00 and 18:00, respectively). Sampling was 
performed in the framework of a collaboration with other European and 
Australian research groups, on the multidisciplinary assessment of the P. oceanica 
meadows carbon budget (partially funded by the COST Action ES-0906; Mazzuca 
et al., 2013). Leaf tissue from two adult shoots collected at 5 m depth (12:00 and 
18:00) and two at 20 m depth (12:00 and 18:00) was cleaned from epiphytes, stored 
in RNA later solution (Life Technologies) overnight at 4°C and then transferred at 
-20°C. Total RNA from Posidonia leaves was isolated using the Aurum Total RNA 
mini kit (Bio-Rad) following the manufacturer's instructions. The quality of total 
RNA was checked using the NanoDrop Spectrometer (ND-1000 
Spectrophotometer, Peqlab) and the Agilent 2100 Bioanalyzer (RNA Nano Chip, 
Agilent).
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500 km
300 mi
Figure 5.1. Geographical position of Posidonia oceanica sampling. Samples were collected at two 
different depths, -5 m (shallow station) and -20 m (deep station)
5.3.1-Transcriptome sequencing, assembly and annotation
High quality RNA samples were provided to the Genomic Research Centre of 
Fiorenzuola d'Arda, PC (Italian Agricultural Research Council - CRA) for library 
construction and sequencing. Four library were constructed starting from 3.5 jig of 
total RNA using the TruSeq RNA Sample Preparation Kit. Sequencing of the 
libraries was performed on the Illumina Genome Analyzer IIx instrument 
(IHumina, San Diego, California, USA) in two multiplexing runs. After de­
multiplexing, high quality reads were used for the de novo assembly CLCbio 
Genomics Workbench (CLC Bio). Reads from each sample were then mapped on 
the assembled contigs and gene expression levels were estimated as FPKM 
(expected fragments per kilobase of transcript per million fragments
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sequenced,Trapnell et al., 2010). Assembled transcriptome data were annotated 
using Blast2GO Pro software (Conesa et al., 2005). The KEGG annotation service 
KAAS was used for pathway annotation (Moriya et al., 2007). To classify the 
function of contigs, GO assignment was performed. Gene Ontology (GO) is a gene 
functional classification system which offers a dynamic-updated controlled 
vocabulary and a strictly defined concept to comprehensively describe properties 
of genes and their products in any organism (Ashburner et al., 2000).
5.3.3-Differential expression analysis
Expression values of GO classes were calculated by summing the relative counts 
for each gene in each sample associated to the specific GO class. The measures 
were plotted using R software (R Development Core Team, 2008). Outliers were 
not drawn.
GO enrichment analysis was performed with Blast2GO Pro (Conesa et al., 2005) 
comparing the 4 conditions: "day, shallow vs. deep", "night, shallow vs. deep", 
"shallow, day vs. night" and "deep, day vs. night". Generally, the best strategy to 
have accurate estimate of the overrepresented terms is to set up biological 
replicates for sequencing, but it greatly increases the experimental costs. In this 
study, to overcome the fact that only one biological sample for each condition was 
examined, a threshold FPKM £5 in selecting the lists of contigs to compare was 
applied. For each condition, the significance of over-representative GO terms was 
established with FDR ^0.05.
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5.4-Results
5.4.1-Illumina sequencing and de novo assem bly
In order to characterize the transcriptome of Posidonia oceanica and generate a 
broad survey of genes associated with the response to different light and 
temperature conditions, RNA was isolated from plants living at different depth 
(shallow and deep) and at different times of the day (day and night). Four libraries 
were prepared and sequenced using the Illumina paired-end sequencing 
technology. Two multiplexing sequencings were ran, each containing two 
samples. After de-multiplexing, a total of 207,496,120 reads and 16,297,000 Mbp 
were generated. After data pre-processing and trimming, a total of 143,213,645 
high quality reads were obtained and used for de novo assembly (Table 5.1).
Table 5.1. Sequence and assembly statistics.
Raw sequencing reads
Number of reads 207,496,120
Total size (bp) 16,297,000
Pre-assembling
Reads after trimming 143,213,645
Average read length (bp) 92,16
Assembly statistics
Contigs 94,458
Number of contigs after filtering 53,001
Average lenght of contigs (bp) 1,071
Minimum length (bp) 140
Maximum length (bp) 24,532
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According to the overlapping information of high-quality reads, a total of 94,458 
contigs were obtained. After filtering for quality, 53,001 contigs were generated, 
whose lengths ranged from 140 bp to 24,532 bp, with an average length of 1,071 bp 
(Figure 5.2). To assess the accuracy of reconstructed contigs, reads for each sample 
were mapped back to the assembled reference transcriptome based on the pooled 
data: 27,906,075 reads, 25,820,509 reads, 26,792,477 reads, and 29,224,356 of the 
mapped reads were properly paired when aligning the "deep night", "shallow 
night" , "shallow day" and "deep day" samples, respectively, to the assembled 
reference transcriptome. The expression of contigs, quantified in FPKM, varied 
from 0 to 11,041,308 FPKM for deep night sample, from 0 to 10,766,149 for deep 
day sample, from 0 to 10,212,569 from shallow night and from 0 to 6,313,383 in 
shallow day.
650 
600 
550 
500 
&450 
|  400
300
V ’ T <bv
Contigs lenglit (bp)
Figure 5.2. Distribution of contigs lenght (bp).
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5A.2~Seqnence annotation
The annotation performed in Blast2GO Pro resulted in 18,485 (34.88%) annotated 
contigs, 1,667 contigs (3.14%) which provided a Blast result, 28,265 contigs without 
blast hits (53.32%), 93 (0.17%) contigs without blast results, and 4,501 (8.49%) 
contigs with mapping results.
Annotated contigs were assigned to one or more gene ontologies. Figure 5.3 shows 
the annotated contigs distribution regarding the number of GOs to which they 
were assigned. The number of GO terms per contigs ranged from 1 to 51, with the 
majority of the contigs mapped to 1 to 7 GO terms (Figure 5.3).
In total, 76,277 GO terms were retrived and classified according to their biological 
process, molecular function and cellular component. The distribution of annotated 
contigs, for each category, under different GO levels (Figure 5.4) reflects that they 
are concentrated in levels 2 to 6, indicating a good accuracy of annotation.
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Contigs were further classified into functional sub-categories within the three 
main categories (Figure 5.5, 5.6, and 5.7). Under the category of "biological 
process", metabolic (8,967, 35.23%) and cellular process (5,544, 21.78%) were more 
represented (Figure 5.5).
The sub-categories defined as biological regulation and response to stimulus were also 
well represented, with 2,254 (8.46%) and 2,138 (8.40%) contigs, respectively (Figure 
5.5). Under the classification of "molecular function", binding (11,433,50.06%) and 
catalytic activity (8,641, 37.83%) were the first and second largest sub-categories 
(Figure 5.6). The category antioxidant activity contained 75 contigs (0,33%). In the 
"cellular component" category, organelle (9,147, 35.88%) and cell (11,768, 46.17%) 
were the largest sub-categories, whereas only a few contigs were assigned to 
extracellular region and extracellular matrix (Figure 5.7).
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Chapter 5
The KEGG Automatic Annotation Server (KAAS) identified 3,960 Posidonia 
oceanica contigs with KEGG orthologies (Moriya et al., 2007) belonging to 293 
pathways. Among the others, 35 genes involved in the photosynthesis were 
identified. The Photosynthetic pathway as resulting from the KEEG server, is 
reported in Figure 5.8.
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cyt c550
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Figure 5.8. Reconstruction of Photosynthesis pathway in Posidonia oceanica. Genes present 
annotated in the P. oceanica transcriptome are highlighted in green.
-215-
Chapter 5
5.4.3-Differential expression analysis of transcriptome data
Following GO classification, contigs gene expression levels were plotted for the 
four conditions. 146 groups of four boxplots were generated. Among the others, 
GO terms related to antioxidant activity highlighted the highest difference in gene 
expression in the "shallow vs. deep" condition as well as in the "day vs. night" 
condition (Figure 5.9) suggesting a stress imposed by high light and high 
temperature and the need for the plants to activate ad hoc defense systems.
Antioxidant activity (n = 9)
Conditions
Figure 5.9. Distribution of expression levels related to antioxidant activity for the four conditions, n 
= number of contigs belonging to the GO category antioxidant activity.
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To better highlight key biological processes involved in response to changes in 
light and temperature, a gene ontology (GO) enrichment analysis was performed 
on differentially expressed genes. The expressed transcripts were assigned to 
groups, following the GO categorization in biological processes, cellular 
components and molecular functions. Results are reported for each comparison 
performed.
Day - shallow vs. deep. In the "day shallow" condition, significantly enriched GO 
terms related to biological processes were included in the categories: "translation", 
"lipid metabolic process", "organelle organization", "cell cycle", "anatomical 
morphogenesis", "carbohydrate metabolic process" and "multicellular organismal 
development"(Table 5.2 and Figure 5.A1, in Appendix, for more details about all 
the enriched GO categories).
To better identify specific processes belonging to each category, a further 
investigation on representative genes of each category was performed, with the 
support of the KEGG pathways previously obtained (Table 5.2). For example, in 
"day shallow" condition an over-expression for transcripts related to defense and 
cell rescue mechanisms was observed. Within the lipid metabolism it was 
observed an over-expression for transcripts involved in the carotenoid 
biosynthesis, glicerolipid and glicerophospholipid metabolism and fatty acid 
biosynthesis. In the frame of the carbohydrate metabolic processes, the most 
representatives transcripts were related to the cellular respiration, to the sucrose 
and the starch metabolism and to the cell wall formation/remodeling. Also, over­
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expressed transcripts were related to the regulation of cell cycle as well in the 
organization and functioning of the cytoskeleton.
In the "day deep" condition it was observed an enrichment for transcripts related 
to biological processes included in GO categories, such as "cell recognition", DNA 
metabolic process" and "cellular protein modification"(Table 5.2 and Figure 5.A1, 
in Appendix, for more details about all the enriched GO categories). In particular, 
(Table 5.2) it was observed an over-expression of transcripts for components of 
signal transduction, that belong to the GO categories "cell recognition" and 
"cellular protein modification" by means of phosphorilation and 
dephosphorilation, of protein, lipid and carbohydrate catabolism and of 
transcriptional regulation. Also in this condition, within the GO enriched 
categories an over-expression of transcripts for molecules with antioxidant activity 
was present.. Lastly, it was observed the over-expression of transcripts involved in 
the process of retrotransposition, that belong to the GO category "DNA metabolic 
process".
-218-
Ta
bl
e 
5.2
. 
Sp
ec
ifi
c 
pr
oc
es
se
s 
in
vo
lv
ed
 
in 
the
 
Da
y 
- S
ha
llo
w 
vs
. D
ee
p 
co
m
pa
ri
so
n.
 F
, P
, 
C 
= 
GO
 
ter
m
s 
m
ol
ec
ul
ar
 f
un
ct
io
n,
 b
io
lo
gi
ca
l 
pr
oc
es
s 
an
d 
ce
llu
lar
 
co
m
po
ne
nt
,
Iu
CL)a
Ph
§b
&nu
O
u
s u;=)o
fa)
s
3
P h
&u
<3
o
5 O
•pHto0)H
6
3
3ut8
a
Xw
bO
I
p£)
3
3o
£
a
I
Iou
•S
3o
to
I
I
.3
aO
£
p^h a> 
1  6S 3
3  £
I  -S
3o*H
3
i  o
S o  » 
8 ^ 1  
•fi ! =jy .5 o g o*H ft -SPh 2 hD
pth P * T3T3 — -S
o
p j p
bo
3
opo
c2
w  wo  s
a>cusai
O
ao
H
-2
19
-
Ch
ap
te
r 
5
g
1
OJ
3
OJ
o  s
OJ
Bo«oJO
s
3  «i
3 >*?■? r i
a ft
CD U
g
I
I"ou
•Sjso
tilW
bO
3u
Ph
u>»u
CJ
3u
ao
g
&
£a,l-loa
a
3  
3
I s  
I  -s
Ph,
3
QJaCwo
U
X
o j
w
to
c” i  I *U
.a
&o
tH
Ph
rQ.a
3o
IH
P h
Ph
0
1<Da
*&.
3
uao
■8
(8
a
irOa
au 6s
g
3
St
o
'r io* S b
OJVha
|
3u
£
w
Ph>w''
J
ro<y
.a
3omPh
QJ ^
bo a
u u
a; -c
3  ^  f  
o  a a
.a
£  OJ
2 2 8 
ph-S .a
b o
3  8 s
-ozz-
Ch
ap
te
r 
5
f t ,
I
ci
.S
*o
£
ft
d
g
PO
0)5^
g
ft
w
I
<J
Iu
'oa
T3
u
PisC/5
u
Pis
g
cu
1ou
■S
*o
ft,
bO
I
.a
ao>Hft
ft
s0/
- i  ^
I I+s ft 2
I  1
-au
ft
P0
1oua
8
f t ,
£TS.ax>
<u
2T3
>O*C
a
ft
po
n«cuCSS
*3oa
cs
'$ouft
c3
y
TJCP
ft
bO u
bb
bO
bO *
bO ®
OJ “
T5
I  § 3
I s a
73
 ^ g s
OJ
a
cn
~ S.OJ r
U
Po
*43u
•8C/3
is
apbo
CD
-
22
1-
Ch
ap
te
r 
5
wbOC
%•fH
P
s
(A
«s
E
H  PQ
eo•J3
u
*3Oa
(5
aoy-v Hu Pm
12 ^
a j=3
Ph
PQ
.a*
%•w4
np
Oh
£oICO
H
<d
O h0 u1rH
£ •
fab
o3w
0
•J-H CW .S
S s
H © 
O *  
£  too
.S «Pp3 too
on
o>0o>
a
e
‘3
© a> .
E g  s £  .2
£* ® 
^  °  ’S• s o ™
3 8 s
-2
22
-
Chapter 5
Night - shallow vs. deep. In the comparisons "night - shallow vs. deep", an over­
representation of GO categories related to "ion transport", "lipid metabolic 
processes" and "carbohydrate metabolic processes" in the shallow condition was 
observed (Table 5.3 and Figure 5.A2, in Appendix, for more details about all the 
enriched GO categories). The main processes (Table 5.3) are related to the nutrient 
recycling and defense mechanisms. Within the lipid and carbohydrate 
metabolism, it was observed an enhanced hydrolytic activity and processes related 
to the starch and sucrose metabolism and amino sugars and nucleotide sugars 
metabolism, glycolysis and fatty acid biosynthesis.
In the night deep condition the over-representation of the GO categories related to 
biological processes "translation", "cell recognition", "cell cycle", "cytoskeleton 
organization" was present (Table 5.3 and Figure 5.A2, in Appendix, for more 
details about all the enriched GO categories). The specific processes in this 
condition are related to the signal transduction (that are included in the GO 
category: "cell recognition"), ribosome assembly and regulation of translation 
(that are included in the GO category: "translation"). Over-expressed transcripts 
are also involved in the regulation of cell cycle and in the organization and 
functioning of the cytoskeleton (that are included in the GO categories "cell cycle" 
and "cytoskeleton organization").
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Chapter 5
Shallow - day vs. night. At shallow depth, it was observed an over-representation of 
the following GO categories related to biological processes: "cellular component 
organization", translation", "lipid metabolic process", "response to stimulus", 
"regulation of biological process" and "catabolic process" in the day condition 
(Table 5.4 and Figure 5.A3, in Appendix, for more details about all the enriched 
GO categories). The analysis of the specific transcripts belonging to these 
categories (Table 5.4) showed an over-expression of transcripts involved in the 
translational and transcriptional regulation (that explain the presence of the GO 
category: "regulation of biological processes", as one of the over-expressed), and 
signal transduction, in cell defense mechanism and hormone signaling (that 
explain the presence of the GO category: "response to stimulus", as one of the 
over-expressed). Within the frame of "catabolic process", an over-expression of 
transcripts was observed for proteins involved in the respiration process. The 
over-expression of transcripts involved in the regulation of cell cycle and in the 
organization and functioning of the cytoskeleton explain the over-representation 
of the GO category "cellular component organization".
In the "shallow night" condition, we have an over-representation of the GO 
categories "DNA metabolic process", "nucleic acid binding" and "protein kinase 
activity" (Table 5.4 and Figure 5.A3, in Appendix, for more details). The over­
expressed transcripts which belong to these categories are involved in signal 
transduction (GO category: "protein kinase activity"), transcriptional regulators 
and retrotransposition (GO categories: "nucleic acid binding" and "DNA 
metabolic process"; Table 5.4).
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Chapter 5
Deep - day vs. night. In the day condition, it was observed an over-representation of 
GO categories related to biological processes such as "cellular protein 
modification", "lipid metabolism" and "carbohydrate metabolism"(Table 5.5 and 
Figure 5.A4, in Appendix for more details about all the enriched GO categories). In 
particular, it was observed an over-expression of transcripts involved in the signal 
transduction (GO category cellular protein modification), cell defense mechanism 
and nutrient recycling (Table 5.5). Within the lipid and carbohydrate metabolism, 
over-expressed transcripts were related to cell wall remodeling, starch and sucrose 
metabolism, fatty acid biosynthesis, and fiavonoid biosynthesis (Table 5.5).
In the "deep night" condition, plants are enriched for transcripts involved in the 
process of "translation", "cytoskeleton organization", "anatomical structure 
development" and "cell cycle" (Table 5.5 and Figure 5.A4, in Appendix for more 
details about all the enriched GO categories). In this condition, within the GO 
category "translation", plants over-expresses transcripts involved in the ribosome 
assembly and in the regulation of translation, while within the GO categories 
"anatomical structure organization" and "cytoskeleton organization", plants over­
expresses transcripts involved in the regulation of the cell cycle and in the 
organization and functioning of the cytoskeleton (Table 5.5).
-230-
Ta
bl
e 
5.5
. S
pe
cif
ic 
pr
oc
es
se
s 
in
vo
lv
ed
 
in 
the
 
De
ep
 
Da
y 
vs
. 
Ni
gh
t 
co
m
pa
ri
so
n.
 F
, P
, C 
= 
GO
 
ter
m
s 
m
ol
ec
ul
ar
 f
un
ct
io
n,
 b
io
lo
gi
ca
l 
pr
oc
es
s 
and
 
ce
llu
lar
 c
om
po
ne
nt
,
in
ao-c
45*
Iua>
CM
§3
S i«su
o
o P h
3
•S
MouCm
bb
aj
G_o
4->fCG3
tHoa
cm
oa
CM0)
T3
T3
Oa
55 03 O 0)
a
Cm J 3
G  ^  a cijw » o 9
»H J h
P h Cm
g5
• ph
1a
<uTS*J3
J
2
Goa
UCG
*3oa
G*T"H
£0 u 
CM
3
1
3
Ph
•3
<d
OJ
£
T3
ST
g
£
sr
bJD
G
3a
0)
Soa>1—I
G
2:
<uuo
&4
o
■s
OJa
'■O
•pH
Cm
• p H
mJ
1 1
P h  a ; 
a> oa 5
2 bO 
*  1
W
Iu
G”d0)
03
CM
a  a ^ u 
25  *5 
SCM 9
GA p da;
*  bb 
bo aj
w
&
‘2a
ta
tsasTS■pHXo
■g<
P  JUH-i 4-1o o
*H * -
P h
x- h  §
03 |
G  G
a 2 
8 *8
to %
OJ T 3
•g tab
S 0L>-TJ
g  .S3
> 3  03
•& a
OJ 4 3
S £,
03
D £
52 *o.a co 
&
CM P h
Ph
IP•pH
34b
OJTJaO
CL)
I
P h
0)uO
CM
o
-sH-»<u
•s. a
3
CM
• pH
mJ
P h
03
03
OJuoMh
P m
ua0
1 
i
G
8
£0
1
U
QJ QJ 
GA GAcc 3
*•0 CA
l * |
q; o
GA 2« s
s  i
u %
bO „
&£  o T3
S G 
g u 
2
bO OJo a
X G o
bb I• uJJ,
bo 3 d.a o^
c> a
a
CM
cu
03o
u
' t b
bb
oj
ou
O
a a
l b  >2 D £
^ p IS
Cm
CM
8 
3 d 
4S0) q;aU
52 G
1  “aj ga
H-*
2 TS
^  ap *
GA
2 8 i ?  H-*
Cm u d
-8
s  ^  ■§
^  3CM T? ^8 vi &
o .  03 a  
j  o  CMi) y 50 g oj
3  £? !
|  9  s
*  P  P h
OJuo
£
Jb
3
Gto
CD
OJ
1
js1o
n
’S ,a8 o
3  ^
CM a
• pH 2hj a
-2
31
-
Ch
ap
te
r 
5
bO
bp
SIS
bO
bO
CO
bb
bO a,
bO
P h -g  bO ’■j-h
bO
-2
32
-
Chapter 5
5.5-Discussion
Transcriptome sequencing can provide abundant sequence information, as well 
shedding some light on the basic biological processes occurring in the cells (Birol 
et al., 2009; Wu et al., 2012). In this study, RNAseq technology was used to 
sequence, the P. oceanica transcriptome and to discover a large number of novel 
genes.
From Illumina sequencing 143,213,645 clean reads were produced. Because of the
absence of reference sequences for P. oceanica, the de novo assembly was apply to
connect these short reads to form longer expressed sequences, that resulted in the
generation of 53,001 contigs. Of these, 18,485 contigs were successfully annotated
(about 34.88% of the assembled contigs), suggesting their relatively conserved
functions. Functional classification showed that this contigs covered every basic
biological processes, and 3,960 of these contigs were also mapped into 293 KEGG
pathways. Among the others, KEGG prediction results suggest that the
photosynthesis related-genes were rather well conserved in Posidonia.
Currently, in the public seagrass database, Dr. Zompo, only 2,069 ESTs are
available for P. oceanica. Thus, the ESTs generated in the present study represent a
significant addition to the existing genomics resources of this specie.
RNA-Seq results also provided a measure of expression for each of the genes
allowing for differential gene expression analyses. In this study, the response to
different light and temperature conditions was assessed comparing the GO
category enriched in four conditions: "day, shallow vs. deep", "night, shallow vs.
deep", "shallow, day vs. night" and "deep, day vs. night". Following, the four
comparisons performed, are discussed separately.
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5.5.1-Day - shallow vs. deep
Day shallow. Shallow and deep plants, inevitably, experience different conditions 
of light and temperature, with shallow plants more exposed to heat and high light 
intensity. From this study, there are evidences that shallow plants are responding 
to this with the enhancement of their antioxidant activity by producing and 
scavenging RQS (Reactive Oxygen Species).
ROS are normally produced in basic cellular processes such as photosynthesis, 
respiration and photorespiration, but they increase in response to a variety of 
abiotic stimuli, including extreme temperature and high light. The imbalance in 
the generation and in the metabolism of ROS, with more ROS being produced 
than what are metabolized, can result in oxidative stress (Suzuki et al., 2011) that 
can cause severe damage to protein structures, can inhibit the activity of multiple 
enzymes of important metabolic pathways, and can result in oxidation of 
macromolecules including lipids and DNA. All these adverse events compromise 
cellular integrity and may lead to cell death (Fraire-Velazquez and Balderas- 
Hemandez, 2013).
Most recent studies have focused on ROS as important signal transduction 
molecules (Figure 5.10). The key of using ROS as signaling molecules appears to 
be the capacity of cells to detoxify or scavenge them using a network of ROS 
scavenging enzymes. This network enables cells to maintain a nontoxic steady- 
state level of ROS, while allowing for the transient accumulation of ROS in 
particular subcellular locations, that act as signals (Suzuki et al., 2011).
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Figure 5.10. A suggested model for the activation of signal transduction events during oxidative 
stress (from Mittler, 2002). MAPK= mitogenactivated-protein kinase; ROI= reactive oxygen 
intermediate, HSPs = heat-shock proteins.
The elevation of cytosolic calcium concentrations has been shown to occur dining 
oxidative stress (Mittler, 2002) and could explain the increase in the transcripts for 
calmodulin that was observed in the data. The increase in calcium, activate 
calcium dependent protein kinases and phosphatases as early step, with some 
enzymes potentially mediating downstream components such as other protein 
kinases/phosphatases and other effector proteins. A protein phosphorilation 
cascade that has been shown to be activated by H2O2 is a mitogen activated 
protein kinase (MAPK) cascade, that activates transcription factors, thereby 
modulation gene expression (Figure 10, Mittler, 2002).
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Shallow plants showed an over-expression of transcripts for all the components of 
this cascade (refer to Table 5.2). Our data suggested that plants are activating 
defense mechanism against oxidative stress and repairing mechanism for 
proteins and for DNA. In addition, membranes, particularly plasma and 
chloroplast membranes, are sensitive to environmental stimuli, thus, maintaining 
the integrity and fluidity of membranes is of fundamental importance for plants to 
survive, for example, to high temperature stress. The over-expression of 
transcripts involved in the metabolism of membrane components (glicerolipid 
and glicerophospholipid metabolism and fatty acid biosynthesis) could suggest 
that plants are preparing the machinery to adjust the composition or the degree of 
unsaturation of the lipids of their membranes to maintain the integrity and the 
optimal fluidity, in response to change in temperature.
The increase in translation could explain the need for plants to accumulate 
defense-related proteins. Translation is a highly energy-demanding process and, 
consequently, it is one of the main targets to be inhibited in response to most types 
of cellular stresses. However, under conditions where global protein synthesis is 
severally impaired, some proteins mainly involved in homeostasis maintenance 
remain being synthesized as part of the mechanisms of cell survival. In plants, 
several studies have demonstrated that the modulation of mRNA translation is a 
key point in the adaptation of plants to different challenging conditions (Floris et 
al., 2009). Protein synthesis is a key step of gene expression and it is especially 
regulated at the initiation phase (Sonenberg and Hinnebusch, 2009), as results also 
for our data in which an over-expression of transcripts for translation initiation
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factors was found. Here, the hypothesis is that plants are using translation mainly 
for proteins involved in cellular defense and rescue mechanisms.
In the day, the plants also showed an enhancement for sucrose and starch 
metabolism. By generating hexoses and their derivate, invertase or sucrose 
synthase-mediated sucrose metabolism provide (1) energy source to power 
cellular processes; (2) starting molecules convertible to numerous metabolites and 
building blocks for synthesizing essential polymers including starch, cellulose, 
callose, and proteins; and (3) a mechanism to reduce sucrose concentration at the 
unloading sites to facilitate its source-to-sink translocation, thereby preventing 
feedback inhibition on photosynthesis and sustaining carbon flow at the whole- 
plant level (Ruan, 2012). In addition, plants are also over-expressing transcripts for 
protein involved in the cellular respiration (glycolysis/gluconeogranes, TCA). 
Respiration breaks down the products of photosynthesis to liberate energy (ATP 
and reducing equivalents) and carbon skeletons necessary for growth, cellular 
maintenance and active transport (including ion uptake from soils; Atkin and 
Tjoelker, 2003). The over-expression of Rubisco small subunit and glycolate 
oxidase, two component of the photorespiration process, could suggest the 
photoprotective role of this process, to dissipate excess energy at high irradiance 
levels (Kozaki and Takeka, 1996). In addition there is evidence that plants are 
over-expressing transcripts for the regulation the cell cycle progression as well as 
for the organization and functioning of their cytoskeleton. In addition, the 
construction of a new cell naturally requires the construction of a new cell wall, 
with the deposition of different cell wall components, that could explain the over­
expression of transcripts for component of the cell wall formation proteins.
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Data also provide the evidence that plants may be going to expand their cells as 
resulted from an enrichment of proteins involved in the remodelling of wall 
polimers and in transcripts for proteins involved in cross-linking the wall, as 
revealed by the over-expression of purple acid phosphatase, implicated in the cell 
wall remodelling by expansion. In addition there is evidence that cells are 
elongation. The overrepresentation of protein COBRA also support this 
hypothesis, this protein is involved in the regulation of cell shape during 
elongation (Schindelman et al., 2001; Bomer et al, 2002). Also in this case, 
overexpressed component of the cytoskeleton may be required for the structure of 
expanding cells. The presence of an auxin afflux carrier, could suggest a role of the 
auxin in the activation of cell cycle. Auxin has been implicated in cell division as 
well as cell elongation. Evidence from many studies including those in Arabidopsis 
suggest that certain times of the day are important for plant growth. Temperature 
signals may act to modify auxin synthesis or distribution in the plant, and this 
could represent a growth-regulation mechanism (Penfield, 2008). Also, Gray et al 
(1998) showed that high temperature promote an increase in auxin levels and 
consequently auxin transport resulting in increased hypocotyls elongation. Here, 
higher temperature at shallow water could be responsible for the acceleration and 
encourage the development and growing, modifying the plants architecture.
An explanation for the cell expansion and elongation is possibly related to the 
tropism. Plants use light not only as an energy source for photosynthesis but also 
as an environmental signal and respond to its intensity, wavelength, and direction. 
Light affects the direction of growth by controlling the distribution of auxin in the 
shoot tip, so that more auxin gathers on the side furthest from the light. Therefore
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more auxin passes down the shaded side of the shoot where it increase the rate of 
cell elongation and cause a growth curvature towards the light (Beckett, 1986). 
Auxin for example functions for increasing the plasticity of plant cell wall and for 
enlargement and shaping, influences the expression of specific genes involved in 
the growth and has a role in the stimulation of cell cycle. The overrepresentation 
of transcript for auxin efflux carrier in our data could be relate to the necessity for 
the plants to distribute this hormone in the leaf. On the other hand, auxin could be 
the signaling for the cell cycle.
There is also another explanation about the role of the cytoskeleton that, in 
addition to the relation with the cell cycle, could be related to the high light and to 
the orientation and motility of the chloroplast. In fact, plant cells respond to a 
variety of internal and external stimuli with rapid and dramatic rearrangements of 
their cytoplasm, that are often mediated by a dynamic cytoskeleton. There is a 
growing evidence that signal transduction cascades converge on these 
cytoskeleton proteins during many fundamental cellular responses. The 
orientation and motility of chloroplasts are precisely regulated in response to the 
angle, wavelength, and fluence rate of the light. Plant cells optimize the use of 
light for photosynthesis, by maintaining control over plastid position. Conversely, 
when fluence rates are too high, plastids can be positioned to avoid or minimize 
photodamage. Following its detection by photoreceptors in the cytoplasm, the 
light signal is rapidly translated into changes in the behavior and localization of 
the actin cytoskeleton, through as yet poorly defined signal transduction events 
(Staiger, 2000). In addition, the stimulation of elongation growth is also the most 
dramatic shade avoidance response, that is a strategy that plants evolved in
-239-
Chapter 5
response to competition for light in respect to plants growing in close proximity 
(Morelli and Ruberti, 2002). This could be true for Posidonia oceanica that forms 
dense meadows especially at shallow sites, where plants grow near each other.
Day Deep. Also the deep plants (refer to Table 5.2) are involved in the signal 
sensing and signal transduction, with the activation of transcription factors for 
genes involved in the cell defense and rescue from the oxidative stress, such as 
heat shock proteins, cytochrome P450, radical scavenger metabolites (i.e 
glutathione-s-transferase) and components of the tochopherol biosynthesis. The 
over-expression of transcripts for proteins involved in the catabolism of 
chlorophyll and macromolecules in the chloroplasts, such as protein and 
membrane lipids, may be a response of the plants to prevent the catastrophic 
damages resulting from an excess of reactive oxygen species.
Another aspect that characterizes the response of the plants to live in deep waters 
is an increase in transcripts for retrotransposons. The activity of the 
retrotransposons is tightly controlled (Vukich et al., 2009) because, for example, 
the insertion of transposable elements (TEs) can modify the expression or the 
coding capacity of genes and can be extremely deleterious (Casacuberta et al., 
2003). The regulation of transposons transcription proceeds with the binding of 
transcription factors to retrotransposons promoter. In our data, we found an 
overrepresentation of Myb and WRI transcription factors that could have a role in 
the activation of retrotrasnposons (Kumar and Bennetzen, 2000). While the 
transcription of most of the active plant elements characterized to date is largely 
quiescent during normal development, a growing body of evidence shows that
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abiotic and biotic stresses are major factors in their transcriptional and 
transpositional activation (Grandbastien, 1998; Kumar and Bennetzen, 2000; Ito et 
al., 2013) The variability that the movement of TEs generates could also help the 
genome to rapidly evolve when exposed to conditions thatit is not well adapted, 
as initially proposed by McClintock (1984). Aside from their mobility, there are 
further ways in which TEs can modify gene expression and play a role in stress 
adaptation. For example, TEs generate a vast repertoire of small RNAs that can 
regulate subsets of stress-related genes or act as general transcriptional repressors 
upon stress. These small RNAs, being mobile, could influence gene expression in 
distant targets, which would be especially important in the stress adaptations of 
plants (Mirouze and Paszkowski, 2011). It is possible that in the deep plants, 
retrotrasposons provide a response and a defense to the temperature fluctuations, 
far from the optimal values for plant growth.
5.5.2-Night - shallow vs. deep:
Nigh shallow. In the "night shallow" condition (refer to Table 5.3), plants are 
involved in the breakdown of molecules (i.e. sucrose) accumulated during the 
day with photosynthesis and in their transport from the source to the sink tissues. 
The over-expression of transcripts for proteins involved in the degradation of 
starch and in the cleavage of sucrose could be the way for the plants to provide 
substrates for glycolsis/respiration. Transport of nutrients or molecules is also 
enhanced (magnesium, sodium, potassium, nitrate and ABC transporters lipids 
and sugars), as well as transcripts for cytoplasmic membrane bounded vesicles to
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store waste products or transport substances. The over-expression for transcripts 
encoding for proteins involved in the cell wall could explain a cell remodeling to 
allow the transport of substances between cells.
Night Deep. In "night deep" condition (refer to Table 5.3), plants show evidence 
that are growing, preparing the cytoskeleton organization and increasing their 
translation machinery to synthesize proteins involved in the cell cycle.
5.5.3-Shallow - day vs. night
Shallow day. In the day, shallow plants (refer to Table 5.4) are involved in the 
response to high light and high temperature and a similar response to that showed 
in the comparison "day - shallow vs. deep" was observed. As discussed above, 
plants are responding to the oxidative stress due to light and temperature stress 
by activating a signal transduction cascade involving the ROS signaling and thus, 
the activation of the MAPK cascades that regulates the gene expression by 
activating stress response genes that protect plants from the environmental cues 
(Desikan et al., 1998,1999,2000; Kovtun et al., 2000). Also the observed increase in 
transcript for WRKY family transcription factors, has been showed to be induced 
from oxidative stress (Chen et al., 2012). Moreover, there is evidence for the 
activation of mechanisms for detoxification and protection, as showed by the over­
expression of transcripts for antioxidant enzymes (glutathione-s-transferase, 
peroxidases and respiratory burst oxidase and alternative oxidase), for protective 
genes involved in protein repair (heat shock proteins, 70-90-83-like,) in the redox
homeostasis and in the DNA repair mechanisms (DNA-3-methyladenine
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glycosilase i, chromatin assembly factor-l,DNA damage toleration protein 
DRT100). Plants are responding also to minimize damages to the photosynthetic 
apparatus by up-regulating the expression of transcripts involved in the 
regulation of the cyclic electron flow around PSI, a mechanism essential for 
photoprotection (i.e. proton gradient regulation 5, PGR5, and ferric reductase-like 
transmembrane component and glutaredoxin-c9). Within the lipid metabolism, we 
have components of the biosynthesis of carotenoids (i.e. ABA2, abscissic acid 8 
hydrolase), that protects chlorophyll from photodamage, and of the biosynthesis 
of flavonoids (i.e fructokinase 3), that also have an antioxidant role. There is 
evidence for a catabolic process whereby reserve food materials like 
carbohydrates, fats and proteins are subjected to hydrolysis by specific enzymes. 
The enhanced hydrolytic activity provides the components for respiration 
processes. Over-expression for component of glycolyis and for component of the 
Kreb cycle and oxidative phosphorilation were observed. The over­
representation of transcript related to glycolysis could be due to fact that NADPH 
produced by the glycolysis is necessary for the biosynthesis of fatty acid related to 
the membrane lipid generation and antioxidant systems such as acerbate- 
gluthatione cycle. In addition, also the oxidative phosphorilation (together with 
glycolisis) could provide ATP to meet the needs for fatty acid synthesis.
Shallow night. In the night, plants are mainly involved in the DNA metabolic 
process represented by transcripts for retrotransposons (refer to table 5.4). As said 
before, LTR retrotransposons seems to play an important role in genome 
reorganization induced by environmental challenges. The environmental stresses
- 243 -
Chapter 5
cause an epigenetic activation of mobile elements dispersed throughout the 
genome (Mansour, 2007).
5.5.4-Deep - day vs. night
Deep day. Also the deep plants (refer to Table 5.5) during the day are activating 
ROS signaling cascades, as evident from the over-representation for transcripts 
encoding molecules involved in the ROS signaling and in the repair of protein, 
DNA and lipids. The fine regulation of this cascade is showed by the enrichment 
of transcripts for phosphorilation and dephosphorilation. There is evidence for a 
remodeling of the cell wall and hydrolytic activity related to cell wall. The plants 
are preparing the machinery to regulate the starch and sugar metabolism as 
suggested by the presence of beta amylase that degrade starch and starch synthase 
and trehalose-phosphate phosphate like. It is observed an enhancement of 
transcript related to amino sugar and nucleotide sugar metabolism. Also, the 
plants showed an increase in transcripts for the respiration process in which 
carbohydrates, fatty acid and amino acids are broken down to produce energy. 
The hydrolysis of glucose, fatty acids and proteins resulted in acetylcoa that enters 
in the TCA cycle.
Transporting activity is also enhanced as showed by the over-representation of 
amino acid transporters. This could suggest the necessity for an efficient 
partitioning of amino acids or peptides within the plant in the source-sink 
communication (Kohl et al., 2012). In addition, plants are responding with an 
increase in the transporting activities of macronutrients (such as nitrogen and
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potassium) and micronutrients, (including zinc and iron transporter). It has been 
shown that a fine management of nutrients is very helpful to protect plants from 
temperature stress (high or low). For example, nitrogen in the form of nitric oxide 
(NO) is a highly reactive, membrane permanent free radical that has been shown 
to protect plants against stress by acting as an antioxidant directly scavenging the 
reactive oxygen species (ROS) generated under high or low temperatures. Some 
early report revealed that NO act as a signal in inducement of thermotolerance in 
plants, by activating active oxygen scavenging enzymes. In addition, Uchida et al. 
(2002) reported that NO protects the chloroplast against oxidative damage under 
heat stress by inducing expression of a gene encoding for the small heat shock 
protein 26 (HSP26). Also, the potassium is essential for many physiological 
processes such as photosynthesis, translocation of photosynthates into sink 
organs, maintenance of turgidity and activation of enzymes under stress 
conditions (Waraich et al., 2012).
Deep night. In the night, deep plants (refer to Table 5.5) are probably preparing 
the machinery for the synthesis of the proteins involved the cell cycle. In addition 
to transcripts possibly involved in the regulation of cell cycle, the cell are also 
organizing their cytoskeleton, as evident from the over-expression of structural 
component of the cytoskeleton. Deep plants prefer to enter the cell cycle in the 
nigh in comparison to the day, as evident also in the comparison "night - shallow- 
vs-deep", where the deep plants over-expressed transcripts involved in the cell 
cycle. This preference could be due to a fine regulation possibly related to the 
circadian clock and to the starch turnover. For example, Arabidopsis thaliana 
partitions a fraction of assimilates carbon into storage compounds in leaves to
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support respiration and continued growth during the night, when photosynthesis 
in not possible. During the night, starch is degraded with a near-linear rate such 
that the starch reserves are almost completely utilized by dawn. This match 
between the length of time taken to degrade starch reserves and the length of the 
night is vitally important for normal plant growth (Graf et al., 2010). This 
hypothesis could be true also in the case of Posidonia.
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5.6-Conclusions
In this study, Illumina next-generation sequencing and de novo assembly were 
applied to elucidate the transcriptome of P. oceanica for the first time. In total, 
53,001 contigs were obtained, of these 34,88% were successfully annotated and 
7,47% were mapped into 293 KEGG pathways. The data generated enormously 
increased the genomic resources in P. oceanica available so far and provided a 
global view of the P. oceanica transcriptome.
In addition, in this work, gene expression profiles of Posidonia oceanica growing at 
different depths, where light and temperature can be identified as the main 
diversifying forcing-factors, were described. The comparison between plants 
living in different conditions of light and temperature mainly highlighted the 
oxidative stress imposed in plants living in shallow waters by high light and high 
temperature. Plants responded by activating mechanism at multiple levels of 
organization (molecular, anatomical, morphological and metabolic), by adjusting 
the membrane systems and the cell wall architecture, by altering the cell cycle and 
the rate of cell division, and by metabolic tuning to provide energy for all these 
processes. Deep and shallow plants differ in the daily timing of the cell cycle, with 
deep plants preferring to grow in the night while shallow plants in the day.
The transcriptome data generated from this study also will represents a very 
valuable resource that could be used for subsequent investigations of the 
adaptation of Posidonia oceanica. It will be possible to better characterize the main 
pathways involved in the response to light and temperature i.e. to study the 
oxidative stress. The transcriptome also will facilitate genetic diversity analysis
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and genome scan approaches, with the development of new EST-linked molecular 
markers.
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6.1-Main findings
The identification of the action of natural selection and the analysis of gene 
expression profiles in P. oceanica population living in different conditions of light 
and temperature allowed to achieve the objectives of this study and to have major 
knowledge about the plant response to environmental changes.
Objective 1-Detection of candidate genes under selection related to light and 
temperature changes. The development of EST-linked microsatellites (E-SSRs, 
Chapter 2) and the comparison of the performance of these markers with 
anonymous microsatellites (A-SSRs, Chapter 3) revealed their minor power in the 
population genetic analyses. Nevertheless, these markers, as linked to know 
function genes, have proved very useful for the identification of adaptive response 
to environmental changes, by means of the genome scan approach (Chapter 4). 
The genome scan performed along the depth gradient, detected no loci as outliers 
probably due to technical limitation related to the low number of loci used. Along 
the latitudinal gradient, 3 loci were identified to be under selection. The different 
results obtained along the two environmental gradients, where light and 
temperature represent the critical factors, may suggest that the signature of 
selection that has been detected, underlies adaptation to other environmental 
challenges than temperature and/or tight alone. Alternatively, phenotypic 
plasticity is playing a stronger role than genetic adaptation in response to these 
environmental changes.
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Objective 2-Increase of genomic resources for P. oceanica and identification of 
biological processes whose expression pattern is affected in different condition of 
light and temperature. The transcriptome sequencing, with the generation of a 
large quantity of sequences (53,001 contigs) and the successive analysis of 
differential gene expression highlighted the presence of oxidative stress imposed 
in plants living in shallow waters by the high light and high temperature and the 
plant response by activating multiple processes including the adjustments of the 
membrane systems and the cell wall architecture, the regulation of cell cycle and a 
metabolic tuning to provide energy for all these processes.
6.2-Future perspectives
The identification of adaptive genes by means of genome scan (Objective 1)
represents the first step toward functional studies that will help to understand
their potential effect on the phenotype and ultimately on the fitness (Dalziel et al.,
2009). The analysis of sequences of these genes will elucidate the presence of
variation at genetic levels and will allow a prediction about their impact. For
example, there are many types of genetic variation that can affect the function
and/or amount of proteins, including single nucleotide polymorphisms (SNPs),
small insertion-deletion polymorphisms (indels), microsatellites and larger copy
number variants (Feder, 2007). All of these types of genetic variation have been
shown to contribute to variation in ecologically relevant traits (e.g. Hammock and
Young 2004; Perry et al. 2007; Aminetzach et al. 2005; Schlenke and Begun 2004).
Alternatively, there is the need to consider also the possibility that microsatellites
themselves can be under selection and that the variation in the length of repeated
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sequence may have important functional consequences. The variation in repeat 
units of SSRs present in 5'-UTR affects gene transcription and/or translation; in 
the coding region the variation of the sequence length can inactivate or activate 
genes or truncate protein; finally, SSRs present in 3'-UTR might be responsible for 
gene silencing or transcription slippage (Varshney et al., 2005). Recent studies 
have identified functional microsatellites that affect the individual fitness (Kashi 
and King, 2006; Gemayel et al., 2010). Variable tandem repeats in promoters can 
affect gene expression by altering the number of transcription factors binding 
sites, but can also induce changes in spacing between critical promoter elements. 
Tandem repeats in introns can influence gene expression by modulating the 
activity of RNA-binding proteins (Gemayel et al., 2012). Lastly, the genome scan 
does not give information of an association of molecular markers with ecological 
factors per se. Thus, a correlation of allele frequencies at outlier loci with 
environmental data will be necessary to identify those ecological factors 
potentially acting as selective force (Holderegger et al., 2008).
The transcriptome data generated from this study (Objective 2) increased the 
genomic resources available so far in P. oceanica and represent a very useful means 
that could be used for subsequent characterization of the main pathways involved 
in the response to light and temperature. The available transcriptome will also 
facilitate genetic diversity analysis with the development of EST-linked molecular 
markers.
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